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FOREWORD

This report covers work performed under Contract AF33(657)-11684
from June 1963 to June 1966, This countract was initiated under Project
No, 1368, Task No. 136807, '"Structural Fastening Technology.' Work
was administered under the direction of the Air Force Flight Dynamics
Laboratory, Research and Technology Division with SM/Sgt. J. C. Ingram
as Project Engineer,

The report was prepared by T. A, Roach and E, F. Gowen, Jr. . of
Standard Pressed Steel Laboratories and M. H, Ortner and S. J. Klach
of Vitro Laboratories.

Vitro Laboratories was a major subcontractor to SPS Laboratories
for the oxidation protective coatings appiication and evaluation efforts
required during this program,

The manuscript was released by the authors August 10, 196€ for
publication &8s an RTD technical report.

This technical report has been reviewed and is approved.

&daﬁw‘fﬂd“g {

ROBERT L. CAVANAGH
Chief, Applied Mecharics Branch
Structures Division
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ABSTRACT

Fasteners of several materials and configurations were developed, manu-
factured, coated and tested in various modes of oxidation and mechanical

pProperties were characterized by extensive testing. The materials utilized
werge nw_glybrlnm.w‘ e e

denum allsy TZM, coulumbium alloys Cb752 and C129Y, tantalum
alioys T-22¢ and 90Ta-10W, and several dispersion strengthened metals.
Protective coatings vere adapted to fasteners, the columbium coating being
an electrophoretically applied adaption of the Tapco Cr-Ti-Si coating and the
tantalum coating being an electrophoretically applied WS8i_ coating. A facility
for dAyna.unie gaigation testirg .3s deviloped capable of expraing simall psits

O i

i to 3200°F in air moving at 250 {t. /second. The deformability limits of tiae .

3 coating-substrate '""systems' were established. Deformability of the systems £
was found to be insufficient to permit the development of a deformable blind -
fastener, Threaded fasteners were¢ manufactured from a limited numbes of

¥ dispersion strengthened nickel basc metals and were tested, Results indicate ‘

’ the feasibility of fastener manufacture frorn these materials and shew con- -

: siderable promise for thei wuse in the 1800°F to 2200°F temperature range. :
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Alumina
Alp03

Barrier

Cb

Cb752

Cl29Y

Cr-Ti-Si

Diffusion Zone

Fansteel 85

Flush Head

HF
HNO 3

Interface

Ksi

Magnesia

MgO .

GLOSSARY OF TERMS

« Aluminum oxide
- Aluminum oxide

- A layer of material placed between coating and
the substrate to minimize diffusion between them.

= Columbium, a refractory mctal having a melting
temperature of 4380 F and a density of .31 pounds
per cubic inch.

- A columbium base refractory alloy developed
by Union Carbide containing 10% tungsten and
2.5% Zirconium.

- A columbium base refractory alloy developed
by Boeing and Wah Chang containing 10% tung-

sten and 10% hafnium,

- A protective coating for columbium base alloys
consisting of chromium, titanium, and gilicon.

-~ That zone of suustrate into which some coating
material has diffused during elevated temperature
cycling.

- A columbium base refractory alloy developed by
Fansteel containing 28% tantalum, 10.5% tungaten, and

0. 9% zirconium.

- Head designed to fit 100 countersunk hole with
the top of head flush with the outer surface.

- Hpydrofluoric acid,
- Nitric acid

-~ The surface where two members meet, i.e.
the coating - substrate interface.

- Thousand pounds per square inch,

[ NP

- Magnesium oxide.

- Magnesium oxide.

KX
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Newton

Partial pressure

Refractory metal

Setter

Si

Silica
Si0
Substrate

Ta

TAPCO

Ta-10W

Thoria

Torr
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Molvbdenum,
melting temperature of 4720 OF and a density
of . 368 pounds per cubic inch.

a refractory metal having a

Molybdenum disilicide, a marterial wideiy used
as a protective coating on molybdenum and ite
alloya.

The basic unit of force in the International
System of Units defined as the force that gives
to < mass of one kilogram, an acceleration of
one metear per second per second,

Any pressure less than atmospheric pressure;
that is,less than 760 torr,

Any metallic element or alloy having 2 melting
temperature above 4000 °F,

A device used to support parts during furnace
exposures,

Silicon,
Silicen dioxide

Silicon dioxide

The base material on which a coating 1s deposited.

Tantalurn, a refractory metal having a meiting

temparat&ra nf ‘:A?E“E‘ -n:.‘d a d o t.

pounds per cubic inch.

A group within Thompson Rame Wooldridge
which applies coatings te refractery mectals.

A tantalum base refractory alloy containing 10%
tungsten.

Thorium dioxide
Thorium dioxide
A unit of pressure equal to 1 mm of mercury;

one atmosphere equallmg 760 torr or 760 mm of
mercury, -




TRW
tsi

1ZM

T-111

1/4-20

1/4-28

Thompson Ramo Wooldridge
Tons per square inch

A molybdenum base refrzctory alloy developed
by Climax Molybdenumn containing . 5% titanium and
. 08% zirconium.,

A tautalum base refractery alloy developed by
Westinghousge containing 10% tungsten and 2. 5%
hafnium,

A tantalum base refractory alloy developed by
Westinghouse containing 9. 6% tungsten, 2.4%
hafnium, and .01 carbon.

Tungsten, a refractor'y metal having a niel:ing
temperature of 6170° F and & density of . 697
pounds per cubic inch.

Quarter inch diametexr with 20 thireads for
each inch of length,

Quarter inch diameter with 28 threads for
each inch of length.
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SECTION I

INTRODUCTION

This program was initiated by the Air Force Flight Dynamics Laboratory

of the'Research and Technology Division to investigate, study, and experi-
mentally evaluate the problem areas associated with the use of structural
fasteners at extreme elevated temperaturcs. Mechanical fasteners are
requ.red in coatcd refractory alloy structures because joining techniques
such as welding, brazing, and bonding are aot yet feasible in terms of
structural soundness and reprcaucibility, In retrospect, all flight structures,
regardless of metal employed or operational temperaiure, will require signi-
ficant numbears of mechanical fasteners.

Work covered during the performance of this program included:

Survey

Refractory Thread Form Study

Adaptation of Tantalum Alloys to Fasteners

Adaptation of Electroploretically Applied Coatings to

Fasteners of Molybdenum, Ceclumbium, and Tantalum

Based Alloys

5. Development of Semi Blind Bolts of Columbium and
Tantalum Based Alioys

6. Study of Deformable Fasteners

7. Development of Mechanical Properties Data of Various
Corfigurations of Columbivm and Tantalum Based Alloy
Bolts

8. Study of Refractory Alloy Fastener Applications

9, Initial Study of Available Dispersion Strengthened Metals

for Adaptability to Fastenevs

Develop Extensive Oxidation Information on Fasteners

and Joints

oW N
v e .

-
=)

The svrvey was required to solidify the thinking of prospective fastener
users, material suppliers, coating vendors, and fastener manufacturers
all of whom had some definite ideas on coated refractory fasteners. The
survey was used to help establish thc goals and cbjectives of the program.

Study of refractory alloy fasteners started in 1957, but almost all the

work was accomplished on molybdenum., The utilization of molybdenum

is limited with current coatings because of the oxidation and embrittlement
characteristics, Ior this reason the majority of the work of this program
was on columbium and on tantalumn, about which little was known as fasteners.

Manv processes for applying coatings and many ccating chemistiries were
semi-commercially available at the start of the program. All had problems.
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A coating technique unproven at the initiation of this program but with
greai poiential for conversion to fastener requirements was the electro-
phoretic coating technique. Prior history had indicated that electro-
phoresis could hold the very close tolerances required by the complex,
small shapes of fasteners. In additicn, the process was adaptable to the
various roating chemistries of other deposition techniques,

To fully utilize refractory alloys in flight structures, all types of fasteners
should be available, These include nuts, bolts, rivets, semi-blind and

blind types, Standard threaded fasteners and rivets had been fabricated
from various mclybdenum and columbium alloys, but no exploratory
development had been initiated to truly exploit their potential for efficient
structural utiliza'ion. Nothing had been accomplished in tantalum or disper-
sion strengthened alloys. This program was oriented toward filling these
voids and developing useful design allowables applicable to high perform-
ance flight vehicle structures.

Oxidation characteristics of refractory fasteners are almost a completely
overriding consideration. For this reason, static, dynamic and partial
pressure oxidation tests were standard requirements throughout the program,

To actually determine the utility of the fastener, studies of stress-relaxation
were conducted to develop user information.

To present a reasonable spectrum of the elevated temperature field, the
dispersion strengthened metals group was included. A complete state-of-
the-art study along with certain data are presented in this report,

£}

e
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A summary of typical mechanical and oxidation test results on columbium
and tantalum alloy fasteners is contained in Tables I, 1lI, and 1Il, These
tables represent typical results which are an average of the several con-
figurations evaluated during the course of the program,

Oxidation testing was conducted after various partial pressure exposures,

however, because of the complexity and variation of the results they did
not lend themselves tc summarization,

Detailed data on both the sfummarized results as well as fatigue, relaxation, O
application, and oxidation can be found in the tables in Sections VIII and IX. B R

SUMMARY OF RESULTS
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SECTION III

SURVEY

The {irsi major activity under this contract consisted of & cocmprehinsive
survey of present and potential user of refractory fasteners, coating

eources and material suppliers, The objectivc of this survey was to
determine:

1. The requirements and preferences of ultimate fastener users as
to materials, coatings, fastener configurations, environmental
conditions and other special requirements,

2. Coating state of the art to select coating systems which might be
included in the program.

3. Base metal availability, prices and specifications,
This survey was conducted primarily during Fall 1963, but was continued
throughout the program in areas in which the materials or coatings were
not sufficieutly developed to warrant an early decisfon. This was pri-
marily true in the tantalum alloy and tantalum alloy coating areas.
The decisions made as a result of the original survey included the following:

1. Use Cb752 as one of the columbium base alloys,

2. Adapt the TRW Cr-Ti-Si coating chemistry to the electrophoretic
coating technique for columbium base alloys,

w

Investigate threaded, semi-blind and blind fasteners throughout the
program,

4, Study the characteristics of all coatings selected at partial pressures.
5. Kecrystaliized materials were to be purchased throughout the pro-
gvam to provide data readily applicable to design in view of the

reerystallizing effect produced by most coating processes,

6. TZ3M with MoSip coating was selected for use in the thread form
reguixerment study,

The continuing survey resulted in the following decisions:

7. Cl29Y was selected as the second columbium alioy,

vt b i



8, T-222 was sclected as the tanialum base alloy,

9. Electrophoretically applied WSiy; was chosen as the coatiug for
the T-222 fasieners.

The detailed information gathered during the survey is contained in
Appendix L




e, TP TR 5% HE AN A S

e

e e e e AR

A, BACKGROUND AND TEST PROGRAM

The thread form requirement study hadas its main objective theinvestigation

of the effectof thread form ontheoxidationcharacteristics of electrophoretic-

ally coatedfasteners. Prcvious workinthe coatingof fasteners by other techniques
indicated a high degrec of sensitivity to coating failure on sharp corners, Accord-
ingly, most hardware was prepared for coating with liberal radii.

Since few fasteners had been coated by the electrophoretic technique, it was
deemed advisable to investigate the susceptibility of this technique to pre-
mature failures due to sharp corners. A program was therefore cctablished
to compare the 65% refractory thread form with a truncated refractory thread
form. These taread forms are illustrated in Figure 1,

Full Refractory ‘ Truncated Refractory
Thread Form Thread Form

Figure 1. Fastener Thread Forms

The production of the full refractory thread form in the internal threads
(nuts) represents a considerable expense compared to the truncated refrac-
tory thread form. However, the production of the refractory thread form
on the external thread {bolt) does not involve increased expense except for
procurement of special thread roll dies. For this reason it was decided
that the requirement study would utilize bolts with refractory thread form
tested in conjunction with nuts with either the refraciory thread form o7 the
truncated refractory thread form. The bolts and nuts were tested both as
separate parts and in joints by tightening them into cylinders.

The TZM - MoSiz system was chosen for these tests for several reasons.
First, this system had been extensively tested and had proven reliability
substantiated by much test data. Second, the coating technology was in an
advanced state and could be applied by existing techkniques in a short period
of time.




The oxidation tests were conducted in 3static air and in air moving at
200 ft, /sec. The test temperature was 2600°F for the static tests and 2800°F
for the dynamic tests.

A detailed description of the test procedures is contained in Section VIII.

The results of the tests are swmmarized in Table 1V, Reprcesentative speci-
mens are shown in Figures 2 through 5.

B. DISCUSSION OF RESULTS
Examination of the test results in Table I indicates thc following:

The similar lives of the full refiractory and truncated refractory thread forms
in joints a3 well as in detail parts, indicate that the survival potential of the
two thread forms is essentially the same.

The failures are in no way associated with the nut threads. This is evidenced
by the fact that in several specimens failure of the coating on the outside sur-
face of a nut led to complete substrate failure in to the coating on the nut
thread,

Specimen life in the dynamic air tests was considerably less than that in the
static air tests. The priacipal contributing factor to this failure accelera-
tion appears to be the flow of silica from the air stream impingement side
of the specimen, The silica builds up on the back side of the specimen, thus
leaving the upstream side without the protection of the silica layer. This
phenomenon is shown in Figure 6,

C. ESTABILISHMENT OF THREAD FORM
In view of the similar survival potential exhibited by the full 65% refractory
thread form and the truncated refractory thread form in internal threads,

it was decided that:

1, All internal threads produced on parts for this program would have
the truncated refractory thread form.

2. All external threads produced would have the full 65% refractory
thread form.
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Nuts With Full Refractory Thread Form

Nuts With Truncated Refractory Thread Form

Figure 2. Static Oxidation Test Specimens - MoSiy Coated TZM
Tested at 2600°F (1427°C)
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Joint Specimens With Full Refractory Thread Form Bolts
and Full Refractory Thread Form Nuts

Joint Specimens With Full Refractory Thread Form Bolts
and Truncated Refractory Thread Form Nuts

Figure 3, Static Oxidation Test Specimens - MoSip Coated TZM

Testad at 2600°F (1427°C)




Nuts With Full Refractory Thread Form

Nuts With Truncated Refractory Thread Form

Figure 4, Dynamic Oxidation Test Specimens - MoSi2 Coated TZM
Tested at 2800°F (1538°C)
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Joint Specimens With Full Refractory Thread Form Bolts
and Full Refractory Thread Form Nuts

Joint Specimens With Full Refractory Threz 1 Form Bolts
and Truncated Reiractory Thread Form Nuts

Figure 5. Dynamic Oxidation Test Specimens - MoSi, Coated TZM
Tested at 2800°F (1538°C)
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Same specimen viewed
from down stream side

Figure 6. Joint Specimen After Dynamic Oxidation Test Showing
Flow of Silica in the Direction of Air Stream
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'A. MATERIAL PROCUREMENT - e

'B. MANUFACTURING TECHNIQUES

SECTIONY & . . % .

MANUFACTURING = 0 % %

The rmaterials se‘ected for the manufacture of threaded fasteners were as, -
descnbed in the survey conclusions: ; _ : : o

TZM (threa.l form requ1rement study only)
Cb752

.400 m_ches respectively. The suppliers of these materials were as’ foliows
] . ..

‘l + ) . e
i

T-222 - Kansteel Metallurgical Corporatmn .

In addition, a quant:ty of FS-85 for fixtures was purchased from Union '
Carbide an& Fansteel Metallurgical Corporation. T4222 for the early coat- . L
ing studies was purchased from Wah Chang., The tantalum ‘alloy manufactur-
ing study program material, 90Ta-10W, was purchased from National Research
Corporation, ‘

The manufacturing techniques utilized were generally identical with those
e¢stabliched in the program '"Research, Development and Test of Refractory
Metal Alloy Fastener, ' AF33(616)-8104 conducted by Republic Aviation, (1)
These techniques were well established for molybdenum and columbium alloys
prior to the start of this program, Methods for the manufacture of tantalum
alloy fasteners, however, were not estabiished. A study was therefore
initiated for the purpose of determining the degree to which molybhdenum and
columbium manufacturing procedures would need to be modified in the manu-
facture of tantalum alloy fasteners.

'
|
C129Y
T-222
These were all purchased in the fully recrystallized condition (see Section ¢ ’
X1I, Metallography) in rods of suitable diameters for the manufacture of Co :'I'
1/4-20 hex head and flush head bolts and 1,/4-20 hex nuts, .270 inches and : :
. I
TZM - Climnax Molybdenum !
Cb752 - Union Carbide Corporation . .
Cl29¥,4- Wah Chang -

Since rhis study was begun prior to the selection of T-222 for the test program,
90Ta -10W was chosen for the study alloy =s it was readily available. The study
consisted of the manufacture of sufficient 90Ta-10W, 1/4-20 hex head bolts
and companion nuts to establish manufacturing techniques.

17
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; The previously established procedures were generally applicable to the manu-
’ facture of 90Ta- 10W fasieners and to the subs equent manufacture of all con<_

‘figurations 'in the T-222 fasteners. *

; . All bolts were x‘.‘lncated by hot forging the heads and rolling thn threads.

; "The finished surfaces on the parts were produced by centerless grinding.’
Hex sockets in the point-drive bolts were produced by drilling and broaching

while the hex sockets in-the other flush head configuration were produced
during the hot forging operation, .

Nuts were produced by hot forging, drilling and tapping.

As mentioned in the survey conclusions, all bolts were produced with the 65%

refractory thread form and all nuts were produced with the truncated refrac-
;; tory thread form.

Drawings of the chosen configurations are shown in Figures 7 through 10.
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A. DESCRIPTION OF THE ELECTROFPHORETIC PROCESS

Electrophoresis is defined as the movement of charged particles through a
liquid medium under the influence of an applied electric field, The pheno-
menon was first observed as early as 1809 and received much theoretical
attention during the years 1920 - 1540 (2-5).

With the exception of recently developed electrophoretic painting and
enameling processes, however, commercial applications were confined
mainly to the electron tube industry (6, 7). Excellent review articles cover-
ing the theory (8) and a variety of applications of this technique (9, 10} are
available in the literature.

Electrophoretic dispersicns used by Vitro for coating would be classified

as lyophobic sols by the colloid cheinist; that is, they are dilute suspensions
of fine particles in a fluid medium and the stability of the suspensions against
flocculation is governed primarily by the concentration of electrolyte or polar
additive (i. e. zein) which is present in the bhath, The major difference between
the coating baths used by Vitro and the more familiar aqueous suspensions is
that the coating materials are dispersed in a non-aqueous medium (usually
isopropanocl-nitromethane) instead of in water, The dielectric constant of

the alcoholic medium is reduced to approximately 20 as compared to 80 in
water. The non-aqueous medium is preferred for electrophoretic deposition
since high coating rates are attained at moderate voltages without the forma-
tion of gas bubbles at the specimen surface as would be observed in water.

In common with aqueous sols, electrophoretic suspensions are stabilized

by coulombic repulsion between the suspended particles arising from the
presence of a charged double layer at the surface of each particie. The
charge arises from adsorption of the cations (produced by the added electro-
lyte) upon the dispersed particles, and the double layer is formed by align-
ment of the electronegative end of the '"'solvent'" molecules and/or the ions

in solution with the fixed, adsorbed, ionic charges. The double layer is
therefore similar to a capacitor with the tluid medium acting as the dielectric,
The reduced dielectric constant of the alcoholic medium with respec!. to water
will therefore lower the charge density at the particle surfaces, and, in media
of extremely low dieleciric constant (such as benzene), stabilization of the
dispersion may be impossible. An additional refinement which rnust be

added to this model is that one plate of the microscopic capaciter, namely

the counterions formed by the dissolved ions and/or solvent molecules, is
mobile rather than fixed, due to diffusional effects arising from thermal
agitation of the liquid molecules. The double layer is therefore somewhat
diffuse and the potential within the double layer decreases gradually with
increasing distance from the surface of the particles. The potential which

i e it e b e e




exists between the fixed adsorbed surface charges on the particles and the
shear plane of the diffuse double layer is termed the zeta potential (Z).

A widely accepted theory due to Stera (14) gives the mobility (U) of 2 dis-
perscd particle as a function of the applied field (E), zeta potential (Z), and
diclectric constant (D) and viscosity (n) of the fluid medium as follows:

ZED
U= 4Tn
In a muaium of specified n and D, therefore, the mobility (coating rate) is
directly proportional to the applied field and to the zeta potential and
essentially independent of particle shape, size, and composition, The
principrl advantages of the electrophoretic coating technique are:

1. Flexibility with respect to coating materials to be deposited.
2. Efficient utilizztion of coaiing materials and rapid deposition rates,

3, Excellent dimensional unifermity and coverage of irregular sur- ;
faces.

To form an electrophoretic deposit, the coating materials are prepared in

the form of a {fine powder and, if more than one componeat is desired in the
coating, the individual powders are weighed in the requived proportion and
blended. For most common coating materials the powders are commer-
cially available. 1If a finer particle size is desired, the powders are
ball-milled in alundum, steel, or silicon carbide-lined jars. The powder
mixture is then added to a mixture of isopropanol and nitromethane, The
powders generally acquire a static surface charge during ball-milling and

2 charge may also be induced on the pariicle surfaces by ihe addition of
certain protein-like pruprictary additives. The resulting dispersion is there-
fore stabilized by slectrostatic repulsicn of the charged particles. The
dispersion concentration is generally maintained between 2 and 10 wt, %,
depending upon the coating »ate which is required. The coating equipment 1
consiste of a stainless steel tank with an overflew at the top and an opening
at the bottom. The dispersion is agitated by & recirculating pump whose
vxhaust ie connected to the bottorn of the coating tank, The tank serves as
an inert electrode and the article to be coated 13 the second electrode. The :
electrodes are connected toa D.C. r ited power supply and an external :
time. which cuts off the power after a set interval Coating is accoinplished
at 20-200 V., C. and about 5-20 ma for 0.25-5 minutes depending upon the
cnating thickness which is desired. After coating, the article is dried in
a1t or under an infri.-red lamo and, if the point of electrode coutact must
also he coated, this area is manualiy "paiched" by applying some of the
powdercd material of the dispersion with a rounded tool. The coating, at
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this point, is about 40% dense and has considerable green strength, however,
it is not yet bonded to the substrate or fully densified. To increase the
density and strength of the green codting, the article may then be hydrostatic-
ally pressed at 10,000 - 100, 00C psi. The coating is then sintered or hot-
pressed to increase its density and to bond it to the substrate. It is here that
the most variabiliiy is encountered in the process. The sintering time,
temperature, and atmosphere must be adjusted tc the properties of the
coating-substratzs system. Following sintering, the coating i3 evaluated by
mizroscopic inspeciion of the surface and of sections through the specinien,
and physical and chemical measurements such as density, porosity, mechan-
ical propcrties, chemical uniformity, and oxidation or abrasion resistzace
are made.

25




B, PREPARATION OF THE Cr-Ti-Si COATIN

: »
— 2 ~ 2 K N T

DEPOSITICN

Cn the basgis of the survey (Section 1ll),the TAPCO Cr-Ti-Si coating was chosen
for application to columbium-basc alloy structural fasteners by means of the
electrophoretic technique. This < >ating, which is applied by TAPCO bty a
two-step vacuum pack cementation process, consists of a diffusion barrier
(approximately 0.5 mil thick) of (TiCb)Cr, plus a second layer which contains
a complex mixture of the silicides 6f chromium, columbium and titanium.

The major phases present in the silicide layer and their —elative concentra-
tions are not known with certainty but are believed to be mixed phases of the
M3Si and MgSi3 type (11).

1. Preliminary Experiments

In this study two approaches were examined to adapt the TRW Cr-Ti-Si
vacuum pack cementation coating to the electrophoretic coating process,
In the first approach, based upen discussions with TAPCO, chromium
was electrophoretically deposited upon a columbium alloy and heat
treated to form 2 0.5 mil thick diffusion barrier of CbCr) which was
then overcoated with a2 2 mil-thick outer layer of 75% CrSi-25% TiSi,.
The second~approach 'was a 2-step procedure involving the deposition
and sintering of prealloyed chroniium titanium powder, followed by
siliconization of the diffused Cr-Ti layer.

The CrSi; and TiSi2 powders used for the first app: >ach were purchased
from Shieldalloy Corporation, and the chrornium powder from M & R
Refractory Metals, Tn:z.

Two 75CrSiz-257TiSi)p coating dispersions were prepecred by mechanical
blending of the individual powders and by presintering weighed poriions
of the two powders at 2550°F to form a single phase solid solution which
was then regrouand,

Then 0.0025 inch thick coatings were deposited from each of the disper-
sicns on chromized Cb-752 panels. The coated panels were hydro-
statically pressed at 30 tsi and sintered in purified argon for I5 minutes
and one hour at 2500°F. All of the coatings interacted with the chrom-
ized substrates to form rough, uneven deposits. This interaction was
particularly severe with the mechanically blended powders and wasg less
serious when the presintered materials were used. Three specimens
prepared from the prealloyed powders yielded lives of 16, 17, and 24
hours at 255J°F in static oxidation., This approach to the preparation
of tha Cr-Ti-5i coating was then abandoned in favor of a 2-step procedure
involving the codeposition and sintering of chromium and titanium metal
powders followed by siliconizing of the difivsed Cr-Ti layer.

L R e i 3 e i 1

s ———— o oAt 1 S04

T - o 44 S O




The Cr-Ti layer was formed by electrophoretic deposition from a dis-
persion containing 43% chromium and 57% titanium. The metal powders
were either mixed dire'ctly or were preallcyed at 2550°F for one hour

in pure argon prior to deposition. The ags-deposited coatings were
initially isostatically pressed at 20 tsi and then sintered in argon for one
hour at 2460° - 2550°F (prealloyed powders) or 2370° - 2505°F (mixed
powders). The prealloyed powders fired at 2460°F were well sintered
and bonded to the substrate, whi. . the same coatings fired above 2460°F
blistered and floewed. The coatings prepared from the mixed Cr-Ti
powders exhibited erratic sintering characteristics and these experi-
ments were discontinued. Siliconization was accomplished by either
setting the coated sample in a bed of silicon powder plus various

. activatcrs, or by elecirophoretically depositing silicon upon the sintered
] Cr-Ti layer and sintering in an activated bad or in a moderate vacuum
with no activator present. A sumrnary of many of the experimental
conditions and results is listed in Table V, The C-129Y alloy was used
for these tests.

Spp— T
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In a series of experiments of this type an optimum procedure was

i developed utilizing the prealloyed 43Cr.57Ti powder. The prealloyed
¢

13

material was deposited and sintered without pressing for one hour at

! 2550°F in argon. Then an electrophoretic silicon coating was deposited
and heat treated for 2 hours at 2450°F at a pressure of 0.1 torr. The
characteristics of the Tapco pack Cr-Ti-Si coating, the electrophoretic
: Cr-Ti-Si coating, and the electrophoretic Cr-MoSi; coating are com-

: pared in Table VI,

The electrophoretic and pack methods for producing the Cr-Ti-Si coat-
ing differ mainlv in the technique of application and in the fact that the

electrophoretic coating is heat treated at a higher temperature, higher
‘pressure, and for a shorter time than the pack coating.

Y s

LR o

Metallographs of the Vitro Cr-T1i-31 coating on D-36 gsheet and of the
Tapco coating on I3-43 sheet are shown in Figures 11 and 12, The
similarity of the siructure of the two coatings and of the microhard-

ness of the outer silicide layers is readily apparent, The major
difference between the two coatings is that the substrate coated by
electrophoresis is recrystallized while the samtile coated by pack
cementation is not. This difference occurs due to the higher temperature
used to sinter the electrophoretic coating.

A series of Cb-752 and C-129Y samples were coated with a nominal

2,5 mil thick Cr-Ti-Si coating according to the procedure described

in Table VI and the specimens were tested for oxidation reaistance at
2590°F in one atmosphere of convective air, Fairly consistent oxidaticn
lives in excess of 30 hours were achieved on parel and on bolt specimens

A study was then made of the effect of siliconization time upon the relia-
bility of the coating.

as shown in Table Vil, but the life of the coated nuts was greatly reduced,
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Effect of Sild conizing Time on the Oxidation Resistance of the Electro-
phoretic Cr-Ti-5i Coating

In the siliconizing experiments, C-129Y panels were coated with tlLe
43Cr-57Ti composition as before, and then siiiconized for 4, 6, and 8
hours. The completed panels were then oxidation tested in convective
air at 2600°F. The results are summarized in Table VIIi. Although no
increase in life¢ was noted when the siliconization ti-ne was incrcase.d
from 4 to 6 or 4 to 8 Lhours, there was much less scatter in the results,
and the minimum life of 25 hours at 2600°F for the 6 hour siliconization
was felt to be a considerable imprc ement over the 30 hours at 2500°F
for the 2 hour siliconization time.

Photomicrographs of the Cx -Ti-5i coating on C-129Y panels were made
after siliconization times of 2,4, 6, and 8 hours, The photographs,
indicating the relative coaling depth and microhardness of the various
specimens, are shown ifi Figure 13. When the siliconization time was
increased from 2 hours to 4 hours, bLoth the depth of the coating layer
and its microhardness increased significantly, Further increase in
siliconization time resulted in only minor changes in the bardness and
thickness ot the coating. The results indicated thai only partial siliconi-
zation was achieved in twe hours. In subseguent experiments to investi-
gate the effect of variation in the composition of the Cr-Ti layer, the
siliconization time was therefore held constant at 6 hours,

Effect of Composition of the Cr-Ti Layer on the Oxidation Resistance of
the Electrophoretic Cr-Ti-Si Coating

The eff<ct of the Cr-Ti coating composition on the oxidation lifc of the
Cr-Ti-Si coating system was Jinvestigated briefly, with emphasis on a
composition having a higher chromium content. On the basis of analytical
data TEPOT ied b 3" Tn.!.n_u for its Cx-Ti-Si ccatmb, it was decid

a 65 Cr-35 Ti composition.

Six C-129Y specimens (1-1/2"x 1/2" x 0,020") were tumbled, sand-
blasied, and electrophoretically coated with prealloyed 65 Cr-35 Ti.
The coatea specimens were densified at 10 tsi #1d sintered in argon

at 255G°F for 1 hour, The Cr-Ti coated specimens were then electro-
phoretically coated with silicon and heat treated at 2370°F for 6 hours
under reduced pressure {<0.1 mun), The overall coating thickness on
all specirnens was 2,75 mils.

Table IX liste the oxidation resistance of the six coated specimens at
260CG°F in convective air. No increase in protective life was noted
cver the previously used 43 Cr-57 Ti compesition, and all coatings
exhibited edge failure.
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Figurg 12,

TRW -Coated D-43 Sheet (unetched)
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! TABLE VI
' OXIDATION LIFE AT 2500°F (1371°C) OF VITRO Cr-T1i-Si COATED
Cb-752 AND C-129Y SAMPLES (2 HOUR SILICONIZATION)
% Oxidation
H Tvpe cf Specimen Life (hrs, )* Type of Failure
¢
{ Cb-752 Panel 49-113 Completely oxidized ;
: N 53-116 Completely oxidized '
f i
C-129Y Panel 46-113 Completely oxidized
96 Edge failure ;
: : o
F Cb-752 1/4-20 Bolt 30-45 Completely oxidized
: : 30-45 Complet y oxidized 1
§
’ Cb-752 1/4-20 Nut 17 Surface failure at edge o
of hex Lo
-
; 1
: !
H *Where a range is given, the specimen failed overnight or ]
during the weekend, P
|
: |
i
-
|
¥ 33 |
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TABLE VIII

SILICONIZING TIME vs. OXIDATION LIFE OF VITRO Cr-Ti-Si
COATED C-129Y AT 2600°F (1427°C) IN AIR

Siliconizing Oxidation
Spec. No. Time (hrs.) Life (hrs.) Remarks
1 4 23.5 Failed at edges
| 2 4 25-32 Failed at edges
3 4 25.-32 Failed at edges
4 6 31.5 Failed at corner
5 6 25-32 Failed at edges
6 6 25-32 Failec at edges
7 8 32.5 Failed at edges
8 8 25-32 Failed at edges
9 8 25-32 Failed at flat
surface
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Figure 13, Effect of Time of Siliconization on Struciure of
Cr-Ti-Si Coating on C-129Y Alloy

{Magnification 8003, Knoop Hardness Values at 50 Gram Load
Siliconization Conditions 2372°F (1300°C) at <0. ] Torr Pressure)
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TABLE 1X

"OXIDATION LIFE OF 6% Cr-35 Ti S COATINGS ON C-129Y AT 2609°F
(1427°C) IN AIR

Spec. No. Oxidation Life (hys.) Remarks
1 27 Coating failed at edges
2 27 Coating failed at edges :
3 27 Coating failed at edges ;
4 27 Coating failed at edges 1

4. Bend and Impact Tests of Cr-Ti-Si Coated Cb-752 Specimens

-

Following initial processing studies on the Cr-Ti-5i coating, a szt of
eight Cb-752 bend test specimens (2" x 1/2" x 0.030") were coated
with Cr-Ti-8i to a thickness of 2.5 1+ 0.4 milas follows:

e

e

a. Tamble bend test specimens in porcelain mill for 24 hours in water "
to round off corners and edges. The Charpy specimens were not i
tumbled. : !

b. Sandblast all specimens with No. 60 grit alumina.

-

c. Wash with water and degrease with acctone.

d, Electrophoretically deposit rrealloyed 43 Cr-57 Ti powder,

i s

e. Sinter Cr-Ti ccating at 2500°F for one hour in certified argon,

f. Elccirophoretically deposit silicon coating.

e npmg v

g. Heat treat at 2370°F for two hours under reduced pressure

. TR Y
‘\‘{ 0.1 toz I}.

h, Brush off excess silicon.

The results of the bend tests on the electrophoretically coated speci-
men= and on a set of specimens pack-coated by Tapco indicated no

difference in ductility due to the method ot application of the Cr-Ti-Si
coating, This comparison i1s described in Section X.
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¢, DEVELOPMENT OF AN ELECTROPHORETIC Si-WSi COA [ING FOR
TANTA UM ALLOY THREADED rASTENELRS

It was zoncluded from the survey {Sectica I11) that the W-Si coaling sysiem
represented the best state-of-the-art prospect as a useful coatling for tantalum
alloy fasteners tor use to temperatures of 3260°F. This coating system was
thercfore recommended to and approved by the Air Force Proj:ct Engineer.

Two basic approaches werc decided upon for application of the W-5i coating
to tantalum alloy substrates, namely: (a) a two-cycle W-5i systemy compris-
ing sintering of an electrophoretically deposited tungsten coating followed by
a siliconizaticn treatment, and (b} a single-cycle WSi, coating consisting of
depositing and sintering WS5iz powders., The following section describes the
experimental ¢ffort in these areas,

1. Two-Cyuiw W-3i Coating on Ta-10W and T-222 Ailoy

For this investigation Ta-10W and T-222 alloy sheet was purchased from
the National Research Corporation and the Wah Chang Corporation,
respectively, The 1a-10W was obtained as annealed sheet, 0,020 inch
thick, and the T-222 as 0.040 inch sheet., Tungsten metal powder was
purchased from Sylvania with an average particle size of 0.8-1.1
micxons.

In preliminary coating experiments, it was found that good adherence to
Ta-10W could not be obtained when a densified (5 tsi) or undensified
tungsten coating was simultaneously siliconized and sintered at 2370°F
for times up to 16 hours in vacuum, After 16 hours, however, the coat-
ing was hard and dense and the substrate remained ductile.

To improve adherence, the procedurc was modified .o tlhiat the tungsten
deposit was first dipped in a saturated solution of Ni{NO3), in isopropanol,
NTTRTRIVIEL LS Nl Laneintemedin -~ o forane hor 2L 227070, The
resutrant coating, which was adherent, was then siliconized for three
hours 2t 2370°F inu vacuum. Under thess conditions the WSi; coating
adhered tc the Ta-10W, but the substrate became embrittled. The
experiment was then repeated, using half the concentration of the satu-
rated nickel solution, and increasing the tungsten sintering temperature
to 2550°F {:400°C) and the siliconizing time to 16 hours., A photomicro-
graph of this sampie is shown in Figure 14. The photomicrograph
indicates almost complete siliconization of the tungsten coating (based
upon the microhardness traverse) and a slight increase in the hardness

of the substrate from 235 kg/mm2 (as-received) to 326 kg/mm2 (heat
treated and coated), Photomicrographs of a Ta-10W coupon after coating
with tungsten and molybdenum by the nickel-dip procedure, pressing at

10 tsi, and sintering for 1 hour at 2550°F in argon are shown in Figure

15 together with uncoated Ta-10W coupons which underwent the same

heat treatment, The uncoated coupons increased in hardness to 323
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kg/mm2 after heat treatment and, after coating with molybdenum and
tungsten, evidenced an additional increase to 351 and 388 kg/mm*~,
respectively.

In order to maintair. ductility in the Ta-10W substrate, the nickel con-
tent of the coating was reduced by dipping the as-depcsited coatings in
Ni(ND3), + 6HO-isorropancl solutions ranging in concentrations {rem
5% to 25%. In all cases the subsirate became embrittled when fired at
2550°F for 2 hours in argon. Moreover, at the lower nickel concentre -
tion (5%) the tungsten coatings exhibited decreased adhercnce,

In another appreoach to the adherence problem, sandblasted Ta-10W
specimens were chemically cleaned in a 3:1:1 volume ratio of Lactic
acid-HNO3-HF solutionr for 5 minutes, rinsed, dricd, and subsequently
coated electrophoretically with tungsten or with molyhdenurn without
nickel-activation. The as Jupo.it_u coatungs were densified at 10 tsi
and fired at 2550°F for 2 houss intargoa. The resultant coatings were
adherent, and the sub: fra‘e rcinained ductile yielding a hardness value
of 322 kg;’rnm2 which is idun.lral to the value obtained on an uncaated
Ta-10W substrate that was heat treated in the same manner. Photo-
micrographs of typical samples are shown in Figure 10,

On the basis of these results a serics of experiments were then con-
ducted in order to optimize the tungsten ceating procedure with respect
to sintering time and densification pressure. Densification pressures
of 10 tei and 20 tsi, and sintering times of Z hours, 4 hours, and 6
hours were investigated. The results indicated that a densificatior
pressure of 20 tsi and a sintering time of 2 hours are optimum., &s ;
shown in Figu ‘e 17, the porosity of the tungsten coating decreased
considerably when the densification pressure was increased {rom 10

to 20 tsi, After densification at 20 tsi, no further decreasc in porosity
was noted when the sintering tirae at 2550°F was increased from 2
hours to 6 hours. Photomicrographs of samplss prepared under these
conditions are shown in Figure 18,

Coatings of W-.Si were then applied to 40 mil T-222 coupons according
to the following procedure:

a, Substrate Preparation. Prior to coating, the T-22Z specimens were
tumbled in an alumina mill containing Buyrundum cylinders and water,
This operation rounded off all sharp edges and corners. The ranels !
were then sandblasted using #60 grit c.luminuvm and finally chemically i
cleaned in a 3:1:1 volume ratio of Lactic acid~-HNQO3-HF for 5 minutes,
rinsed, and dried, i

e Tunpsten Coating on T-222. Tungsten coatings were electrophor- ]
etically applied to 1T-222 specimens to a grecn thickness of 4,5 mils,
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Micrehardness 235kgAnm2
. (50g Load) (< Ke20)

Silicon-Rich Phuse

Silicided Tungsten C%oﬁng
Hardness 10l kg/mm (>Rc68)
(50g Load)

To-1OW Substrate

_ Hordness 326kg/mm (Re33)
5 7 (50gLoad)
Unetched 520x

Figure 14. Ta-10W (As Received) and After Coating with
Ni.Activated Tungsten and Siliconizing 16 Hours
at 2370°F (1300°C)

(W Sintering Conditions, Fress at 10 tsi, Sinter 1 Hour at
2550°F, 1400°C, in Argon)
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Heui-Treoted,But Unzooted
Ta-10W Substrote

4 Hmdness%&':)kg/mma(50q-Lood)
{Rc33)

Unetched 250x

Molybdenum Coating

Ta ~{OWSubstrate

. Hardness =351 kq/mm‘(SCg Load)
(Re35)

I Sinfered Tungsten Cooting

Ta-10OW Substrate
Hardness =388kg/mm (50¢-Losd)
(Rc40)

Unstchad 250x

Figure 15, Nickel-Activated Molybdenum Coated and

Tungsten GCoated Ta-10W

{Sintering Conditions, Press at 10 tsi, Sinter 1 Hour at 2550°F,

1400°C, in Argon)
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322 kg/mm?  (Rc33;
(50gmLocd)

322 kg/mmS (Re33)
(50gm Load)

Mo Coating on Ta -1OW 250 x

Figure 16,

Tungsten and Molybdenum Coatings on Sandblasted
and Chemically Cleaned Ta-10W
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Densification
Pressurg 10t s1

Unetched,250x

Censification
Pressure 201si

Unetched ,250x

Figure 17. Effect of Densification Pressure on Porosity
of W-Coated Ta-10W

(Samples Sintercd 2 Hours at 2550°F, 1400°C, in Argon)
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1400°C
2Hrs-Argon

Unetched,250x

1400°C
6Hrs-Argon

Figure 18. Effect of Sintering Time on W-Coated Ta-10W,
Densified at 20 TSI
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(This as -depousited thickuess yiclded a 3, 0 mnil siliconized coating. )
The as-deposited coatings weire densified at 20 t8i aud {ired in axgon
{for 2 houre, T

0%

g2 trcatment produced o sintered coatling that was
adherent but somewhat porous, The substrate retained its ductility,
vielding a Knoop microhardness value of 351 kg/mm? for the as-

reccived T-222,

1

c. Siliconization of W Coaicd T-222, Siliconization of the W coating
was carried out by electrophoretically depositing approximately 10
mil thick (green) silicon coatings, followed by heat treatinent at
2370"F for 16 hours undcr reduced pressure (0. ltorr). The
ceated specimens were ductile and completely siliconized. Some
porosity was also noted in the coating. Harduess values of 1011
kg/mm?- and 351 kg /mm? were obtained on the coating and substrate
respzctively, near the coating-substrate intertace. Photomicro-
graphs of the specimen at various stages of coating preparation are
shown in Figure 19,

2. Oxidation Tests of the W-"l Loating on Ta-10W and T-222 Alloy

Several specimens of the W25 coating systemn on 20 mil thick Ta-10W

and 40 mil thick T-222 alloy substrates werce tested for oxidation resist-

ance at 2700° and 3000°F under static conditions, The results of these
tosts are listed in Table X. Oxidation lives ranging from 0.2 to 6,5
hours were realized. All of the specimens except one exhibited corner
or edge failure. A typical corner failure is shown in Figure 20.

The results of this experimecent also indicated that utilization of the
thicker T-222 substrates did not improve the edge or corner perfcrm-

ance of the W-5Si coating at 2700°F over that obtained with 20 mil coupons.

Ir examining the corner failures iu these early experiments, it scemed
likely that the failures were, to some extent, attributable to the absence
of glass formation and self-healing at 2700°F, Visual examination
showed very little glass formation even after long exposure at 2700°F,

In subsequent oxidation tests performed at 3600°F, a considerable
amoant of glass formation was noted, however, the glass wes quite

£1..03 4 2ANNO T
AgUIU @ JuUviy L

&nd ihis led to premaiure deierioraiion of the coating.
According to TRVW this might be expected, since direct siliciding of
tungsten yields 2 silicon-rich WSi5; phase which forms the low meclting
(3100°F-3200°F) Si0O; upon oxidation, On the other hand, TRW {ound
that by using a W-5i pack as a siliciding miedium a coating is obtained
that is deficient in silicon and which forme a higher melting uxide
(perhaps W3Si;07)upon oxidation. Therefore, in an attempt to decrease
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-+——— UUncogoted, As -Received

T-222 Substrate

Microhardness
. 329Kg/mm2 (Rc33)
{5S0gm Load)

‘4 Tungsten Coating

R P IS

.
Ky T b P
A3 WL R T e e

—~—  =—— T-222 Substrate
-“."- Micrchardness
L 351Kg/mm2 (Re35)
Jom—-— (50gm Load)
- ———— -

250X

gg—
b

Figure 19.

7 . W-Si Coating
Microhardness

= . 101lKg/mm?2
Zi2s (50gmLoad) (>Rc68)
=i 35IKg/mm2 (Rc35)

b} e 322Kg/mm2 (Re33)

e 1-222 Substrate

250X

Tungsten Coated and Tungsten-Silicon Coated
T-.222 Alloy

45



IR T T OTeRL

Magnification 5 x

Figure 20. Typical Edge Failure of 0. 020 Ta-10W,
Coated with 2.5 Mils of W-Si
{Exposed 130 Minutes at 2700°F, 1482°C, in Static Air)
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the fluidity of the glass formed during vaidaiion at 3000°F, several
coatings were prepared on Ta-10W which were expected to ke deficient
in silicon, These partially silicided W-Si coatings were prpared as
described previously, however, the time of siliconization at 2370°F
was reduced from lo hours to 6 hours, Partial siliconization was
obtained by this procedurc as indicated by the microhardness of this
coating (shown in Figure 21) as compared to the fully-siliconized
tungsten coating shown in Figure 19. Unfortunately, however, the
partially silicided coatings had considerably less oxidation rcsistance
than the fully silicided specimens, and failed at the edges and on the

surface in 1-2 mirutes at 3000°F in air.

Since !ittle premise was evidenced by the oxidation test data of the
electrophoretic W-Si coating, this system was abandoned iu favor of
the direct electrophoretic deposition of WSip. Work on this system is
described in the nexi section,

5i-WS5i, Coatings on 1a-10W and T-222 Alloy

Previcus experience with MoSi» coatings on TZM alloy and with coat-
ings such as Cr-MoSiy for columbium alloys indicated that direct
electrophouretic deposition of an intermetallic compound such as WSi,,
or MoSi; usually provides a coating with better oxidation resistance
than a ccating of mixed composition formed by siliconization of molyb-
denum or tungsten mectal. For this reason experiments were conducted
on ths direct coating of Ta-10W with the compound W3i,.

The raw material used was 2 commercial-325 mesh powder obtained
from Shieldalloy. The relatively coarse powder was ball-milled for
48 hours to reduce its average particle size, and the milled product
was then acid leached, washed with distilled water, and dried,

Iritially, approximately 3 mil coatings were formed on Ta-10W by iso-
statically censifying the green deposit at 30 tsi and sintering in argon

for 2 hours at 2550°F, Considerable fuming was noted when these ;
specimens were inserted in an air furnace at 3000°F, and failure occurred |
in 10-15 minutes, thus indicating the presence of uncombined tungsten |
in the coating. The next coating, which was 1 mil thick after process- i
ing, was therefore embedded in silicon and fired for an additional hour !
at 2460°F in order to silicide the free tungsten. This coating survived
30 minutes at 3000°F and then failed at the surface. Two specimens
were then coated to a thickness of 2, 7-3. 0 mils and sintered for a total ;
of 3 hours (! hour in silicon}). This procedure resulied in only slight
improvement in oxidation life. These samples survived 95 minutes
and 150 minutes at 3000° F before surface failure was noted. Photo-
micrographs of these specimens after oxidacion are shown in Figures
22 and 23 and Table XI summarizes the test results,
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(>Rc68: o
976 kg/mm -(50gmLoad)
569 kg/mm2 {50gmLoad)
{Rc54) o
569kg/mm= (509m Load)
(Rc54)

n
296 kg/mm“(50gm Load)
(Rc29) 2
298kg/mm (50gm Load)
(Re29) 2
295kg mm (50gmLoad)
(Rc29)

520«
Unetched

Figure 21. W-Si Coating on Ta-10W After Partial

. meaman

(1300°C)
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Figure 22, WSip Coating on Ta-10W Exposed 30 Minutes
at 3000°F (1650°C) in Static Air
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TABLE X

fg 9=

~enn—g W

STATIC OXIDATION LIFE OF W-Si COATING ON Ta-10W
AND T-222 AT 2700°F (1482°C) AND 3000°F (1650°C)

T PR TR TR TR ATATIRR FR TR T N TR 3 DT R FRERRCIT DR R gre iy ea :H

Oxidation Oxidation
Spec., Coating Life at 2700° I'| Life at 3000°F} Area of
No, System Substrate (1482°C)(hrs, Y 1650°C)hrs.) | Failure
1(1) W-Si Ta-10W 1.0 - Corner i
(1) - .
2 W -Si Ta-10W 0.5 - Corner i
3(1) W-Si Ta-10W 1,3 - Flat Surface
4{1) W-Si Ta-10W 0.8 - Corner
5 W-5i Ta-10W 2.1 - Corner
6 W -5t T-222 0.4 - Corner
7 W-Si T-222 0.8 - Corner
8 W-Si T-222 0.3 - Corner ; {
9 W-Si T-222 0.2 - Corne
\ i
10(2} W-Si T-222 6.5 - Corner }
1 ur_o: ~_2292 a2 ™ 4 1
&L YY ~ui F Ry Yoy - v, 2 LU‘LJt: i i
12 W-Si T222 - 0.8 Corner
13 W-Si T-222 - 0,3 Edge
1
14 W-Si T-222 - 0.2 Edge
15 W-Si T-222 - 0.2 Edge i
|
f 1
(1) Nickel-activated W coating,
(2) Specimen cycled after the 6th hour,
1
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TABLE XI

STATIC OXIDATION TESTS AT 3000°F (1630°C)
OF WSiz COATING ON Ta-10W

Coating Life at
Thkickness 3000°F Area of Silicon
Spec. No. (mils) (mins) Fajlure Embedding

1 3.0 10 Edge Tip

2 3.0 15 Edge No

—

3 1.0 30 Surface Yes

4 2.7 95 Surface Yes

5 3.0 150 Surface Yes J

In the next series of experiments, the sintering temperature of the
WSi, was increased from 2550°F to 2910°F. A comparison of the
coatings sintered at these temperatures is shown in Figure 24, Increas-
ing the sintering temperature to 2910°F resulted in some improvement
in the density of the WSi, coating and in the formation of 2 dense diffu-
sion zone, The diffusion zone, however, appeared to be formed at the
expense of depletion of silicon from the coating. In the bottom photo-
graph of Figure 24 a new phase can be seen in the WSi; coating adja~ent
to the diffusior. zone, as well as an increase in porosity in this region.
Embedment of the 2910°F WSi2 coating is silicon and sintering for 1
hour at 2490°F in argon had littie effect upon this depleted zone as
careful exarnination of the upper photograph of Figure 25 indicates.
This coating was oxidaticn tested at 3000°F and yielded erratic and
short lives ranging from 20-95 minutes in six tests. Finally, the
2910°F sintered W5i3 was vacuum siliconized by coating with silicon
and heating at 2370°F for 16 hours at a pressure less than 0. torr.
The microphotograph of this coating, shown in the lower half of Figure 25,
indicates that the silicon-depleted region adjacent to the diffusion zone
woe repaired, poresity in this rcegion was reduced, and the harduness of
the diffusion zone reached a maximum (1470 kg /mn.2) in comparison
with previous siliconization trcatments.

Oxidation tests at 3000° and 3200°F of the vacuum-siliconized WSi; coat-
ing on Ta-10W and T-222 were very promising as shown in the data of
Table XII, Lifetimes of 3 1/4 - 7 hours were obtained for the coating
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Diffysion Zone 1140 kg /mme
(>Rc68)

Ta-10W 245k g/mm2

(Re21)

Siliconized i hr 250x, Unetched
1350°Cn Argon

Sl

.1._.; .5\‘4.‘5. -
Oiffusion Zone 1470 kg /mm©

(> Rc68)

Ta-I0W, 320 kg/mm<
(Re32)

fie Sritconizaiion £50x, Uneiched

i
1300°C, < 0.1 Torr

Figure 25,

Effect of Siliconization Procedure on WSiy Coating
on Ta-10W, Sintered at 2910°F (1600°C)
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on both alloys at 3000°F and the coating survived 3 3/4-5 hours at
3200°F on Ta-10W, Scveral of the coatings were unfailed after 5-7
hours exposure as indicated in Table XII. Poorer results were
obtained on T-222 at 3200°F, but this set of specimens was discolored
and the samples werce believed to be contaminated, Four new T-222
specimens were coated and rerun at 3200°F and these yielded the
expected oxidation lives of 3.0, 4.5, 3.75 and 2. 8 hours.

An inportaut characteristic noted for the vacuum-siliconized WSi)
coating on both Ta-10W and T-222 was its excellent thermal shock
resistance. On several occasions spucimens were removed rapidly
from a 3000°F air furnace and then reinserted with no damage to the
coaling.

All oxidation tests at 3000°F were performed, up to this point, using a
WSi; pellet on an alumina plate as a setter. The transparent glass
formed upon the coating and upon the pellet fused together during oxida-
tion testing, and in several tests fajlure was observed at the point of
contact of the setter and of the specimen., For this reason a new
three-layer setter consisting of a base of Al;03, a middle layer of
MgO, and an upper layer of ThOp was developed. This particular
sequence yields the highest liquidus temperatures for the various
binary oxides which can be formed from 5i0,, Al1203, ThOp, and MgO
as the following table indicates.

Liquidus Temperatures for Various Oxide Combinations (12}

Al;03 MgO Si0, ThO,
°F °C °F °C °F °C °F  °C

AlyO, 3722 2050 3506 1930 2813 1545 3182 1750

MpO 3506 19320 5072 2800 2804 1540 3812 2100
5i0; 2813 1545 2804 1540 3110 1710 3062 1700
ThO, 3182 1750 3812 2100 3692 1700 5522 3050

At the firsi fesi using ihis seiier, vacuuin-siliconized ‘-‘v’Siz on T-222
was tested at 3000°F and yielded a 14-hour oxidation life without fajlure
{with one cycle to room temperature) as compared to the 3-5 hours
obtained in previous tests with a WSi; seiter. The sample was easily
removed from the upper ThO; layer during testing and no interactions
could be observed at the ThOz2-MgO or Mgo Al303 interface,
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TABLE XlI

OXIDATION TEST RESULTS OF WSi» COATINGS IN Ta-!10W AND T-222

{16 HOUR SILICONIZATION POST-TREATMENT)

Oxidation Life
Spec. Coaling @3000°F, | @3200°F,
No, Syslem 1650°C; hra] 1760°C; hrs. Remarks
1 WSi; on Ta-10W 3.5 .- Failed where coating
was in contact with
WSi; setter
2 WSi; on Ta-10W 6.0 --- 5till O. K.
3 WSiz on Ta-10W 7.0 .- 5till O, K.
4 WSi; on Ta-10W 4.0 ~-- Failed at corner &
edge
5 WSi; on Ta-10W - 3.0 Failed at corner
6 WSi; on Ta-10W - 3.75 Failed at corner
7 WSi; on Ta-10W --- 5.5 Failed where coating
was in contact with
setter
8 W5i; on Ta-10W - 5.5 Catastrophic failure
9 WSi; on Ta-10W .- 3.0 Failed at edge
10 WSi; on Ta-10W -—- 5.5 Catastrophic failure
11 WSi, on T-222 4.5 --- Failed at corner
12 WSi; on T-222 3.25 --- Faijled at corner
13 WSi; on T-222 3.0 --- Failed at edge
14 WSiz on T-222 7.0 --- Still O, K.
15 WSip on T-222 5.0 --- Failed at flat surface
16 WSi2 on T-222 --- 0.50* Failed at edge &
corner
- 17 Y51z on T-222 --- 0.50% Failed at edge &
corner
18 WSiz on T-222 --- 0.25%* Failed at edge &
corner
19 WSiz on T-222 --- 0.17* Failed at edge
20 W5iz on T-222 --- 0.50% Failed at coraner
21 WSi2 on T-222 --- 3.0 Failed at edge
22 W3iz on T-222 .- 4.5 Failed at sctter
coniact
23 WSiz on T-222 --- 3.75 Failed at edge
24 WSi; on T-222 2.8 Faijled at edge &
corner

———
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*These speci'nmens were discolored and are believed to have been
contaminated,
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coated T-222 specimens were electrophoretically coaty ! o ~d silicon-
ized for time intervals of 24, 32, and 48 hours at 2370° F under
reducec pressure 0. 1 mmm). Photemicrographs showing coaung
structure, depth of diffusion, :nd substrate and diffusion zonc hard-
w85 values are shown in Figurce 26, Coating density appears unaffectcd
by t'me in this range, Silicon diffusion into the subsirate increased
with time as would be expected, but the substrate retal ed its ductility
for siliconizativn time up to 48 hours as evidenced by the hardness
values,

No difference" was obscrved in the oxifation resistance of the three voatiug
systema at 3000°F. All coatings werce 2,5 mils thick and failed at ra- dom
intcrvals ranging from 1 to 4.5 hours. The oxidation test results are
sununarized in lable XII1,

The average life of the 14 specimens siliconized for titnes longer than 16
hours was 2.5 hours at 3000°F, compared to 4. 8 hours for previous
specimens siliconized for 16 hours. Since no improvement in life was
gzined by increasing the time of siliconization, the 16-heour siliconization
puriod was established as the standard silicunizing cycle for the W35,
coating, and all tantalum allpy hardware subsequently prepared in this
program was coated'with WSi;, sintered in argon at 2910°F for 2 hce .rs,
and thes post-siliconized for 10 hours at reduced pressure,

Burrier Layer Coatings Fo: WSij-Coated Ta-10W Alloy

Arn attempt was made to extend the useful life of the Si/WSip coating
system by means of a diffusion-type barrier ir'erposed between the
coating and the substrate. The barrier coatings investigated are listed

in Table X1V, The coatings were electrophorelically deposited on Ta-10W,
fLical-treaied as indicaied iu ithe table, and screened {ov oxidation resisi-
ance at 3000°F in an induc tion-heated tube furnace, using a WSi2 pellet
seiter, The barrier layers ranged from i.0 to 1.5 mils in thickness and
the overall coating thickness on all specimens was 2.5-2. 1 mils., '

Metallographic comparison of the tungsten and molybdenum barrier
layers on Ta-10W sintered at 2550°F and at 2910°F (sece Figures 27 and
28) indicated that the density of the molybdenum was improved while
that of the tungsten was not affected by increasing the temperature.
Some porosity was evident at the interface between the tungsten coating
sintered at 2910°F and the tantalum substrate,
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Diffusion Zone-ll40kg/mm2(>Rc68)
(50¢gm Lood

T22Z Substrate-285 kg/mm? (Rc28)
(50gm Loar)

W SiCoating

Diffusion Zone-140kg/mme(>ke68) -
{(50gm Locd)

7222 Substrate-265 kg/mm? (Rc25)

} (50gm Load)

.\\

Q0 o .

\ s W Si5Coaling

N “® Diffusion Zone- 1140 kg/mmZ2 (>Rcé8)

W - (50 gm Load)

N

N

o T222 Substru:e-275kq/mm2(R=26)
! {50 gm Load)
Dy N .

i - 48 Hr Siliconizatio 250x

Figure 26, W&i;-Coated T-222 Alloy Siliconized at Various
Time Intervals at 2370°F (1300°C) Under Reduced Pressure
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TABLE Xl

EFFECT OF VACUUM-SILICONIZATION TIME ON THE
OXIDATION BEHAVIOR OF WSi; COATED T-222 ALLOCY
SPECIMENS AT 3300°F (1650°C)

Siliconization Oxidation Life
Test No. Time (hrs.) @ 3000°F (1650°C)| Region of Failure
1 24 2,0 hrs, Edge
2 24 1.5 Flat surface
3 24 3.0 Corner
4 24 3.0 Edge
5 24 3.5 Contact with setter
6 32 .o Flat surface
7 32 1,5 Edge
8 32 3,0 Corner
9 32 4.2 Corner
10 32 2,5 Contact with setter
11 48 1.8 Edge
12 48 2.2 Corner
13 48 2.5 Edge
14 48 3.0 Edge
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Densification
Pressure 20 tsi

W Coating A
218kg/mm® (<Rc2)

Ta-10W
493kg /mm2 (Re48)

2 hrs., 2910°F Unetched, 250x

Figure 27. Tungsten Coatings on Ta-10W, Pressed at 20 t.s.1i.
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322 kg /mm 2(Re32)
(50gm Load)

Mo, 130Kkg/mm? (< Rc20)

Ta-1OW 309 kg/mm?
(Re31)

2hrs 1600°C 25C x,Unetched

Figure 28, Molybdenum Cozatings vn Ta-10W, Pressed at 10 t.s,i.
and Sintered in ALrgen
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A photomicrograph of the W-Mo dual barrier sintered at 2910°F is
shown in Figur= 29. Application of the 2910°F W -Mo coating to
Ta-10W resulted in hardening and embrittlemcnt of the substrate.
However, both thz molybdenum barrier alone and the W-Mo dual barrier
appeared guitn dense after this heat treatment cycle, The offect of
various si.iconization times upon the 2550° and 2910°F tungsten and
W-Mo barriers is shown in Figures 29-32, After 24 hours vacuum-
siliconizatizn of the 2550°F W -Mo barrier (Figure 30) no diffusion of
silicon into the substrate is evident. After 40, however, thec complex
silicide coating a.pears o be single phasc and more dense, diffusion
and reaction of ::licon with the substrate has begun, and scattered
porosity appears at the interface betwaen the silicided substrate and
the original coating. The depth of diffusion into the substrate and the
interface porosity continues to increase when the siliconization time is
extended to 48 hours and evidencs appears of two silicide phases in the
outer coating.

Approximately the same behavior is seen (Figure 31) when the titne of
vacuum siliconization cf the 2550°F tungsten barrie  coating is increased
from 24 to 48 hours, Itis evident, however, that di!usion of silicon
through the tungsten coating is much more rapid than through the W-Mo
coating. This is undoubtedly due to the higher density of the sintered
W-Mo crating (comparc Figures 27 and 29 iop) befare siliconization,

After 48 Lours silicon'zation of the tungeten coating, an extremely

dense and deep diffusion zone is formed in the substrate with a micro-
hardness close to that of WSi;. The approximate hardnesses of the various
refractory meta! silicides are tabulated below for reference.

Approsimate Vickers Microhardness (50g Load) of
Rofractory Metal Silicides {13)
Compoui i Microhardness&g/mn-z)
MoSi, 1300
TiSi, 820 - 890
TagSi3, Ta,Si, TaSi, 1200 - 1500
Cr3Si, Cr3Siy, CrSi, CrSi; 900 - 1200
wSsi, 1100
63
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_ W-Mgo >
v 123 kg/mm (< Rc20)
Ta-10w
505 kg/nm<(Rr49)
W - Mo Unetched ,250«x
2hrs,1600°C, Argon
W-Mo-Si

1052 kg/mmZ(>Re68)

-5

W-Mo After Silicanization Unetched ,250x

Figure 29. W-Mo-Si Coating (System b-2) on Ta-10W
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40 hr, Siliconization 250x, Unetched

48 hr. Siliconization 250x, Unetched

Ta-10W
493 kg /mm?
(Rc48)

W-Mo-Si

Diffusion Zo_;ze
1138 kg /mm™({>Rcé8)

Ta-10W
368 kg jmm? (Rc37)

W-Mo-Si

Diffusion Zone
{138 kg /mm” (>Re€8)

Ta-10W )
400 kg /mm? (Redl)

Figure 30. W-Mo-Si Coating (System b-1) on Ta-10W
(W and Mo Sintered 2 Hours 2900°F, 1593°C, in Argon. Vacuum
Siliconized 2370°F, 1300°C, Various Times, <0,1 Torr)
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24 hr. Siliconization 250x, Unetched

B

40 hr. Siliconization 250x, Unetched

48 hr. Siliconization 250x, Unetched

W -Si
900 kg /mm?& (Rcé)

Ta-10W
320kg /mLm2 (Rc32)

W -Si
1138 kg /mm? (>Re68)

Diffusion Zone
1235 kg /mm? (>Rc68)

Ta-10W
250 kg /mm? (Re22)

W -Si
300 kg /mm? (Rc67)

Diffusion Zone

1140 kg/mm?(>Rc68)

Ta-10V
260 kg /mam? (Rc24)

Figure 31, W-Si Coating {System a-1) on Ta-10 W After

Various Siliconization Times
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WS;Z

Mo-Si o
138 kg/mm<(>Rc68)

To-10W 2
385kg/mm"™ (Rc39)

A WSip
23 W-Si
138 kg/mm2 (> Rc68)

© Ta-10W
¢ 403 kg/mm2 (Rc41)

Figure 32. WSi;-Mo (System d) and WSi2-W (System c) Coatings
on Ta-10W (W, Mo, WSi, Sintered 2 Hours in Argon
Siliconized 1 Hour 2460°F, “1350°C, in Argon)

B SN T

67

i it R T e




15 g 4

-

Photomicrographs of the WSi; coating over the molybdenum barrier
(system d), tungsten barrier (system c¢), and various chromium-
containing barricrs (system e, f, i, and j) on Ta-1C0W are shown in
Figures 32 through 34 System k of Table XI (MoSi; over chromized
Ta-10W) is shown in Figure 35, Deposition of the compounds WSip
over the various barriers, followed by siliconization in argon

yielded a more porous outer coating than those obtained by vacuum
siliconization of tungsten (compare Figures 31 and 32, for example).
Each of the chromium-containing coatings on Ta-10W (systems ¢
through k) caused emorittlement of the substrate. Chromizing of
Ta-10W, however, yielded a dense diffusion zone which, judging from
its microhardness (scc Figures 33 and 35), was probably predominantly
TaCr;.

The eff :ct of siliconization tin.e on the xidation resistance of the -
tungsten and tungsten-molybdenum barrier layer coatings on Ta-10W
sintered at 2550°F (systems a-1 and b-1) is summarized in Table XV,

In general, the oxidation life at 3030°F increased with increasing
siliconization time, however, with one exception n» samgle survived
more than one hour's exposure to air. The oxidation life of the
chromium-containing barrier layer coatings was geueraliy poor as

shown in Table XVI. Increasing thc sintering temperature of the
tuagsten or molybdenum-tungsten barrier layers from 2550°F to

2910°F did not improve the oxidation resistance of these vacuum
siliconized coatings (systems a-2 and b-2) or coatings formed by deposit-
ions of WSiZ over the 2910°F sintered barri:rs, followed by siliconization
of the WSi,-W and WSip-Mo &t 1350°C for 1 hour in argun (systems

¢ and d). The results of 3000°F oxidation tests on these coatings are
summarized in Table XVII.

Since none of the barrier layer systems yielded oxidation lives
equivalent to that of the 51 /WSijy coating, {compare Table NI with Tables
XV-XVl1l), work on the barrier layer coatings was discontinuad and
S5i/WSi, coatings were prepared on T-222 threaded fasteners for further
oxidation and mechanical property testing.

Preparation And Oxidation Tests of Si/WS5i,-Coated T-222 Alloy
Threaded Fasteners

A problem was encountered in early coating trials of the Si/WSi;
sysiem oa tanialum alioy threaded fasteners. There was a marked
tendency toward crack development in the roots of the threads after
gintering, probably caused by excessive shrinkage of the as-deposited
coating during drying. Attempto to resolve the cracking problem by
utilizing coarse particles or by adjusting the solvent ratio or zein and
electrolyte concentration were not successful, Since time did not
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WSip

Cr-W 900kg/mmS(Rcé7)

Ta-10W 400kg/mm< (R4l

WSiZ

Cr Ditfusion Zone

Ta-IOW 400 kg/mm< (Re<1

250x,Unetched

e

Figure 33. WSi;-Cr (System e) and WSi;-Cr-W (System f)
Coatings on Ta-10W
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Ch sz

Ta-IOW 445kg/mm” (Red8)

WSiy
43Cr/57 T

To-10W

P —
WSiy-43Cr/577i 250x,Unetched

Figure 34, WSi,-CbCr; (System i) and WSi;-43 Cr/57Ti (System j}
Ceatings on Ta-10W
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Cr Diffusion Zone 1235 I\g/mm2

(> Reb8)

B To-10W 385kg/mm?

(Rc39)

Figure 35, MoS512-Cr (System k) Coating on Ta-19W
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TABLE XV

OXIDATION TEST RESULTS OF W-Si (System a-1)

W-Mo-Si (System b-1) COATINGS ON Ta-10W

Coating Siliconizing Oxidation Life

System Time (hrs) @3000°F (1650°C){Mir)] Remarks

W-Si 24 3 Failed at edge and
corner

W.Si 24 30 Failed at edge and
corner

W-Si 4C 20 Failed at corner

W -Si 40 20 Failed at corner

W -Si 48 50 Failed at corner &
flat surface

W_5i 48 60 Failed at edge

W -Mo-Si 24 20 Failed at corner

W-Mo-Si 24 15 Failed at corner &
patch

W-Mo-Si 24 15 Failed at edge &
patch

W-Mo-Si 40 35 Failed at patch

W_Mo-Si 40 25 Failed at edge

W-Mo-5i 40 40 Failed at edge &
patch

W-Mo-Si 48 50 Failed at edge &
patch

W_-Mo-Si 48 30 Failed at edge

W -Mo-5i 48 288% Failed where ccating
contact=d WSij,
setter

* Specimen cycled after 168 minutes
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TALLE XVI

OXIDATION TEST RESULTS OF WSi, .CHROMIUM
CONTAINING BARRIER LAYER CQATINC ON Ta-10W

Oxidation Life

Description @3000 °F (1650°C)(Min) Remarks
WSi,-Cr 60 Failed at corner
WSi-Cr i5 Failed at corner
WS5i,Cr 18 Failed at corner &
edge
WSi,.Cr 28 Failed at corner
WSi,-Cr 25 Failed at corner
WEi,-Cr 10 Failed at corner
WSi;-Cr-W 15 Failed at corner
WSi,-Cr-w 15 Failed at corner
WSi;-Cr-w 25 Failed at corner
WSi;-Cr-Mo 30 Failed at corner
WSiz2-Cr-Mo 15 Failed at edge
W&i,;-Cr-Mo 50 Failed at corner
WSi,-Cr-Mo 30 Failed at flat surface
WSi;-Cr-Cb 5 Failed at edge & corner
WSi;-Cr-Cb 10 Failed at edge
WSi;-Cr-Cb 10 Failed at edge
WSi;-Cr-Cb 25 Failed at edge & corner
WSi-Cr-Cb 10 Failed at edge & corner
WSi,-Cb-Cr, 56 Failed at edge & corner
W5i;-Cb-Cr, 65 Failed at corner
WSi;-43Cr-57Ti 7 Failed at edge & corner
WSi;-43Cr-57 Ti 5 Failed at corner
MoSiz-Cr 5 Failed at corner
MnSi-Cr 20 Failed at corner & edge
McSi2-Cr 5 Failed at edge
MoSi;-Cr 144 Still O.K.
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OXIDATION TESTS QF W.5i, W-Mo-5i, WSiz-Mo,

TABLE XViI

AND WSi;. W COATINGS ON Ta-10W

Coating System Oxidation Life
(See Table XIV) Description @3000°F(1650°C){Min})] Area of Failure

a-2 W -Si 15 Corner and surface
W.Si 30 Surface
W -Si 20 Corner and surface
W-Si 15 Corner
W -Si 18 Corner

b-2 W-Mo-Si 30 Corner
W-Mo-Si 75 Edge
W-Mo-Si 50 Edge and Corner
W-Mo-5i 45 Corner
W -Mo-Si 45 Surface

d WSi,.-Mo 30 qSurface
WSi,-Mo 65 Surface
WSiZ-Mo 35 Surface
WSiZ-Mo 10 Surface
WSi,-Mo 20 Surface

f WSi;-W 10 Corner
WSiZ-W 25 Corner
WSi;-W 15 Corner and surface
WSi;-W 10 Corner and edge
WSi; -W 10 FCorzer

R N
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permii a more systematic approach in which all of the variables
affecting the stability of the electrophoretic dispersion could be
examined quantitatively, it was decided to utilize increased
densification pressure (30 tsi to 50 tai) on the as-deposited coating

in order to close the crack seams. This technique was found to be qaite
effuective. Although small crack seams could be detected microscopically
after the sintering and siliconization cycle, the microcracks had no
effect on the oxidation life of the coated fasterncr at 3000°F, due to the
formation of a self-healiug glass. Results comparable to previously
tested coupon specimens were obtained on Si/WSiz-coated 1/4-20, T-222
studs as shown in Table XVIIl. The specimens tested at 2400°F and
2790°F were preoxidized in air for 15 minutes at 3000°F in order to
promote glass formation and prevent pest failures at the low test
temperatures. Without this preoxidation treatment, the coating
survived only 2. 8 hours at 2400°F and 0.5 hour at 2700°F. After
preoxidation, however, an oxidation life of 576 hours at 2400°F (including
15 cycles to room temperature) was obtained on a Si/WSip ~-coated Ta-
10W coupon, and a life in excess of 104 hours at 2400°F was achieved
on a coated T-222 stud as shown in Table XVIII. Preoxidation also
increased the test performance of the studs at 2700°F from about 0.5
hour to 12 hours.
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TABLE XV

ALl

OXIDATION BEHAVIOR OF WSi>~-COATED T=222
ALLOY STUDS AT VARIOUS TEMPERATURES

Oxidation Life in Hours

(1) WSiz coating on Ta-10W preoxidized at 3000°F for 5 minutes and cycled
every 20 hours after 96 hours of static testing.

: Test 2400 F 2700°F 3000°F 3200°F Region of

3 No. (1316°C) (1482°C) (1650°C) | (1760°C) Failure

i

11 576 - -- ~- Still intact

\ 2{2) 38 .- - -- Corner

‘g 3(3) 44 - -- -- Corner

E 4 104-120 - -- .- Thread

}; 5 104-120 -- -- -- Thread

‘ 6 -- 1227 -- -- Completely

',g oxidized

i 7 -- 11 -- - Thread

% 8 -~ - 2.2 - Shank

‘ 9 - . 6.0 -- Still intact

| 10 .- - 5.3 - Shank in contact a
% with selter

i 11 - -- - 1.0 Thread

2 12 .- - - 1.8 Shank in contact
i with setter

il 13 - - -- 0.8 Thread and Shank
|

|

|

{2) Same as (1) except cycled 5 times at 2 hour intervals during work day
and tested continuously cvernight,

(3) Same as (2) but cycled 8 times,

NOTE: Where range in hours is given, specirx_{en failed during the night,
76 ' o
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SECTION VII

COATING OF FASTENERS

A. APPLICATION OF COATING

Following completion of the coating development work the appropriate
coatings were applied to the various fasteners and miscellancous parts.

A description of thu coating apparatus used for the point-drive {asteners
involves all of the details considered in the coating of the less difficult
configurations and is therefore presented,

A preliminary method was tried for coating the sockets cf the point-drive
fasteners by filling the socket with a dilute slurry of Cr/Ti, and then drying
and sintering the fastener., This method did not yield tolerances equivalent
to an electrophoretic coating, and se veral of the slurry coatings contained
microcracks., Several fasteners were coated br this procedure while a
concurrent study was made of an electrode configuration which would permit
electrophoretic coating of the socket,
which is shown in Figure 35.

- Y
i W R = . O AL Wﬁmmm‘”m

A satisfactory coating jig was developed
The jig consists of two point contacts which

hold the fastener in an inverted position within the coating bath. Electrical
contact is maintained between the point cathode and the head of the

fastener. The auxiliary point anode is positioned in the center of the socket of
the point-drive fastener and is insulated from the fastener by a glass bead.
One sample coated in this jig was oxidation tested at 2500°F for 31 hours
before failure occurred at a defect on the surface of the lead thread. No

failure was noted in the socket. In view of this result all point drive
fasteners were electrophoretically

e

esscd in this eguipment.
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Figure 36, Coating Jig for Point Drive Fasteners
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B. TOLERANCE CONTROL

In order to verify thce narrow tolerance range previously attained by Vitro's
electrophoretically applied coatings, a series of measurements was made
on cach of the representative coating systems throughout the program.

Since dimensional measurements were performed at both the S, P. S.
Metrelogy lLaboratory and at Vitro during the course of the program, the
objectivc of the first experiment was to cross-check results at the two
laboratories by measuring the samec coated parts, in order to determine

if a systematic error was incurred due to the use of different measuring
instruments. For this purpose, a series of MoSi,-coated, TZM 1/4-20
studs were prepared. The studs were approximately two inches long with a
one-half inch length of thread at each end. Each stud was stamped at one end
with an identifying letter which also served as an index mark for the angular
position of the thread. The pitch diameter of each uncoated sample was
measured at four indexed points on the second and sixth threads at each end.
Body diameter measurements werc made at two points on the shank,

The pitch diameter was measured at SPS with a Pratt and Whitney No, 35
TR] Roli Thread Comparator equipped with Type 5 rolls, and the body
diameter was determined with a Brown and Sharpe No. 245 Indicating Bench
Micrometer., The studs were then sent to Vitro where the measurements
were repeated with a duplicate set of instruments, after first calibrating
Vitro's TR] Roll Gage against a master setting plug whose pitch was
accurately determined at the SPS Metrology Laboratory. The studs were
then coated under identical conditions at Vitro to a nominal thickness of

2,5 mils, and the pitch diameter and body diameter measurements were
repeated at both Vitro and SPS.

e g g e e
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All of the measurements are listed in Tables XIX and XX. It will be noted
from the data of Table X 'Xthat uncoated sample numbers A, B, C, and R,
Q, S, and K represent two groups whose pitch diameters diffexr by 0. 003-
0.004 inch. The body diameiers of all seven samples shown in lablc XX
however, represent a sing!z statistical population. The arithmetic means
{x), variances (s°), standard deviations (s), and number of measurements

({n) from which these statistics were derived are summarized in Table XXI. |

o m e

To test the hypothesis that the means of the measurements made at SPS

and Vitro are equal, the "t-test' was used (14). Although the equality of the
measurements is almost self-evident from the data of Table XXI, a sample ]
calculation will be made for the measurements of the pitch diameter of
samples R, G, S, and K, after coating, taken at SP5(x;) and at Vitro (x2}.

t= [’-‘l - :'cz] / Sp(n; + n?_/nl nz) 1/2, where

Sp2=512(n1-1)+522(n2-1)/n1+n2-2 i

For the special case n} = np, the formnulae reduce to:

t= {’-‘1 - ’-‘2] / Sp (2/nr) 1/2 and sz = (512 + 522/2
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From Table XX1

sp2 = 1/2(17.74 4+ 13 84) 1078 = 15,79 x 1078

o ) -4
Sp 3.97x10

-
I

1 x107%/3.97x 107 (1/4) = 1,01

Since the calcuvlated value of t does not exceed critical value of t, = 2.66,

the hypothesis that the means of the measurements made at the two labora- |
tories are equal may he accepted at the 99% confideuce level. Finally,

since there is no difference between the measurements made at each labora-
tory, all values obtained for the increasc in pitch diameter and for the
coating thickness may be considered a single statistical population. The 99%
confidence (Mgg%) intervals about the mean of these values can then be
derived from Table XXI as follows:

Mggy, = %; * 2.58 s;/n; /2, or
A Pitch Diameter = 0.0057+2.58(3.3x107*)/7.48=0.0057 £0. 00011 in.

Coating Thickness = 0. 00248 £2.,58(2.2x107™)/3.74=0.00248 £0. 00015 in.

The tolerance intervals shown below for a determination, at either laboratory,
of the coating thickness or of the increase in pitch diameter duc tc the coaling

Loy

will include 95% of the measurements at a confidence level of 0, 95.

Tolerance limits for Apitch diameter = 0.0057 = (2. 35)(5.303) 10™*=
0.0057 £ 0.60077.

Tolerance limits for coating thickness = 0, 00248 2(3.012)(2.234) 107*=
0.00243 = 0.00067.
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The significance of these calculations was thot thread measurements made
at either 5. P, 5. or &t Viiro cc 'id be accepied with coniidence by the other
facility, Furthermore, the variances in body diameter and in pitch
diameter of the as-fabricated fastener do not significantly increase in
magnitude as a result of application of the molybdenum disilicide coating.

In all cases, the uniformity of the coating was within the limii{s of accuracy
of the instruments exployed and the variability which is inherent in the rolled

thread.

L wan s Y MOSPSRSTIPUATNENR,

This excellent dimensional coutrol on the coated 3tuds was further verified

in subsequent measurement taken by Vitro and 5. P. 5. on three coated

1/4-20 TZM bolts, the result of which are shown in Table XXII. Yor

these samples,all coated pitch diameter measurements were within the
blueprint tolerance of 0,212-0, 2165 inch, and all body diameter measurements
were within the blueprint tolerance of 0.2471-0.2492 inch (0, 2439-0, 2444
uncoated plus G.0016-0.0024 coating thickness).

In later phases of the program,dimensional tolerances were confirmed for
Cr/Ti-Si coated Ch-752 and W3.2.coated T-222 threaded fasteners, The
1easurements are uisted in Tables XXIII and XXIV. The mean pitch diameters
and the tolerance limits which will contain 95% of the tested population at a
confidenee level of 9Y5% were found to be:

Cr-Ti-Si Coating System on Cb-752

P.D.

i

0.2161 + 0.0017 in. before coating

R, D. = 0.2227 +0.0010 in. after coating

WSiz Coating System on T-222

P.D, = 0.2070 % 0, 0005 in. before coating

P.D. 0.2160 + 0.001¢ in. after coating

The average increases in pitch diameter and body diameter for the WSi;
coating were 0,0086 inch and 0.0048 inch, respectively, which is iz
excellent agreement with tl e ratio of 4°1 (coating buildup on ¢ne side)
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TABLE XIX

ELECTROPHORETIC COATING OF 1/4-20 TZM STUDS COMT ARISCN
QF P1rCH DIAMETER MEASUREMENTS AT SPS AND VITRO

Letter End P. D, Plain End P, DD,
Letter Up Lowest Reading Letter Up Lowest Reading
Measurc-
Sample ment* 2nd Th'd 6th Th'd| 2ad Th'd 6th Th'd| 2nd Th'd 6th T+'3d| 2nd Th'd 6th Th'd
A SB L2082 2083 2082 .2083 | ,208i .2082 . 2081 . 2082
VB ,2078 . 2084 . 2075 . 2083 . 2077 .2086 L2075 . 2081
vC . 2139 . 2139 L2136 L2136 . 2139 .2142 L2133 . 2137
sC L2146 . 2141 . 2145 .2138 2142 .2143 , 2140 . 2140
A PD(SPS) . 0064 . 0058 . 0063 . 0055 . 0062 . 0061 . 0059 . 0058
‘B SB . 208: . 2080 . 2080 . 2080 . 2080 . 2082 . 2080 . 2081
VB . 2079 .2082 . 2075 . 2079 . 2080 . 2080 . 2079 . 2079
vC . . 2142 . 2139 L2134 . 2135 .2136 .2134 L2131 L2131
SC .2139 L2136 L2136 L2133 L2132 L 2137 L2130 L2155
A PN(SPS) . 0058 . 0056 . 00506 . 00653 . 0052 . 0055 . 0050 . 0054
C SB . 2077 . 2076 L2076 L2078 . 2077 L2077 . 2076 . 2077
vB . 2068 . 2076 . 2066 . 2074 .2076 L2077 . 2074 . 2676
vC e l34 . 2135 .2130 .2132 .2136 L2134 L2135 . 2132
SC . 2137 .2131 L2136 L2130 L2137 .2133 . 2135 L2131
APD(SPS) . 0060 . 6055 . 0060 . 0055 . 0060 . 0056 . 0059 . 0054
B SB .2118 .2118 L2115 L2113 .2119 .2118 L2116 t15
VB L2121 .2118 L2112 L2113 . 2119 .2118 .2118 . 6
VC . 2180 L2176 , 2174 L2171 L2175 L2168 L2173 . 2167
SC . L2178 L2174 L2172 . 2169 .2175 L2168 L2172 . 2165
APD(SPS) . 0060 . 0056 . 0057 . 0056 €056 . 0050 . 0056 . 0050
Q SB .2118 .2118 2115 .2115 .2119 L2115 L2113 L2111
\'23) . 2120 L2117 L2116 L2115 L2117 .2118 L2105 L2111
vC L2178 L2175 L2175 L2169 L2170 L2169 Lele’? L2167
SC .2180 L2174 L2174 L2170 . 2176 L2170 L2171 L2165
APD(SPS) . 0062 . G056 . 0058 . 0055 .C0ET . 0055 . 0055 . 0054
S SB 2117 L2113 L2115 L2112 2120 .2118 L2114 L2112
VB 2115 113 2110 L2112 2116 2114 2114 L2112
Ve L2176 .2173 L2178 .2170 2178 L2173 L2173 ., 2168
SC L2172 L2173 . 2169 .2168 L2178 L2177 L2171 . 2167
A PD(SPS) . 0055 . 006¢C . 0054 . 0056 00538 . 0059 . 0057 . 0055
K  SB LZilt .21l | - Z1o. JZ110 12911 L2113 3108 L2105
VB . 2113 L2112 L2109 L2110 2li4 2112 .2109 . 2109
vC . 2179 L2170 L2176 .2169 2175 2174 L2170 L2170
SC L2174 , 2165 L2173 . 2164 2170 L2169 L2167 L2166
APD{(3PS) . 0063 . 0054 . 0065 . 0054 06059 . 0056 . 0059 . 0057
* Legend: 8 =SPS C = After Coating
V = Vitro B = Beiore Coating
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TABLE XX

ELECTROPHORETIC COATING OF 1/4-20 TZM STUDS COMPARISON
OF BODY DIAMETER MEASUREMENTS AT 8PS AND ViITRO

Letter End | Plain End Cceating Thickness a
Sample |[Measurement O. D. 0. D, Letter End Pilain End
A SB . 24673 . 24732
VB . 24651 . 24750 .00232 .00228
vVC .25115 . 25205
SC . 25115 . 25197
B SB .24723 . 24652
VB . 24731 . 24640 . 00261 . 00225
vC . 25253 . 25090
SC .25241 . 25160
C SB . 24650 . 24723
VB . 24651 .24731 . 00276 . 00297
vC . 25203 . 25324
SC .25168 . 25290
R SB .24729 . 24714
VB . 24740 . 24718 . 00230 . 00236
vC . 25200 . 25190
SC .252C9 .25188
Q S8 . 24714 . 24728
vB . 24729 . 24743 . 00240 . 00218
vC . 25208 .25179
SC .25223 . 25215
S B . 24719 . 24735
VB . 24722 . 24742 . 00266 . 00256
VC , 25254 .252.,5
SC , 25243 . 28263
K SB . 24717 . 24725
VB .24718 . 24721 . 00252 . 00259
vz .25221 . 25239
SC . 26245 25223
S = SPS B = Before Coating
V =Vitro

C = After Coaiing
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TABLE XXI

ANALYSIS OF DIMENSIONA L MEASUREMENTS
AT SPS AND VITRO ON 1/4-20 TZM STUDS

X 52 x 108} s x 10% n
SPS Measurements Before Coating (in.)
P, D, (Samples A, B, C) 0.2080 6.57 | 2.5625 24
P.D. (Samples R, Q, S, K) 0.2114 11,68 3.217 3z
O.D, 0.24709 8.34 [ 2.89 14
SPS Measurements After Coating (in.)
P.D. (Samples A, B, C) 0.2137 21,00 4,582 24
P.D, (S5amples R, Q, S,K) 0.2171 17.74 | 4.212 32
aprP,D, 0.0057 10. 91 3.303 56
O.D, 0.25213 20,92 | 4.574 14
Vitro Measurements Before Coating (in. )
P.D. (Samples A, B, C) 0.2077 20,74 | 4.554 24
P, D. ‘Samples R, Q, S, K) 0.2114 13.74 3.707 32
O. D. 0.24713 13. 85 3.720 14
Vitro Measurements After Coating (in.)
P.D. {Samples A, B, C) 0.2136 10. 91 3.303 24
P.D, (Samples R, Q, S, K) 0.217¢ 13.84 |[3.720 32
P.D, AO.D 0.25210 34,41 5. 866 14
Coating Thickness =—2-—'——'— 0.00248 4. 99 z,234 14
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, TABLE XXII
DIMENSIONS OF THREE 1/4.20 TZM
BOLTS BEFORE AND AFTER COATING
Specimen* O.D. At Point | Center INear Runout
; Al .24345-.24350 L2067 . 2069 . 2068
3 A2 .24344-,24349 .20683 | .20684 . 20685
; A3 .24355-,24340 . 2059 . 2066 .2059
H A4 .24792-.24872 .21379 | .21373 .21392
i A5 .24760-. 24819 .2132 L2137 .2134
H
3
: Bl .24345-.24350 .2068 . 2068 . 2069
i B2 .24344-.24348 .20679 | .20692 . 20704
i B3 .24340-.24338 . 2060 L2062 . 2064
i B4 .24753-.24812 .21401 | . 21429 .2144)
g BS .24770-. 24805 L2134 .2138 .2140
i
% ci . 24320-.24328 .2066 L2067 L2069
H c2 .24319-,24325 .20680 | .20685 .20708
§ C3 .24515-.24320 . 2059 . 2064 . 2060
' c4 .24763-, 24837 .21435 | .21437 .21435
C5 .24770-.24800 .2136 .2141 L2137

nevi B A

*Specimen code:

Before coating, measured at Vitro
Before coating, measured at SPS
After sandblasting, measured at Vitro
After coating, measured at Vitro
After coating, measured at SPS

N oh N

E
i
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TABLE XXIII

DIMENSIONAL MEASUREMENTS ON Cb-752
1/4-20 HEX HEAT BOLTS BEI'ORE AND AFTER COATING
Before Coating !
P.D. | LowP.D.|High P.D, P.D. |Low P.D/|High P.D,

Spec 2nd Znd Znd 6th bth 6th Body
No Thd. Thd. Thd. Thd. Thd. Thd. Diam,
1 .2156 .2153 .2158 . 2159 .2158 L2161 -2433
2 .2158 .2157 .2158 . 2160 .2158 L2161 .2432
3 .2168 .2166 .2168 L2170 .2168 <2170 -2433

After Prealloyed 43Cr-57Ti Coating
1 .2206 .2205 .2208 .2202 | .zzo00 .2205 .2461
2 2212 L2210 L2214 2211 L2208 L2212 .2465
3 .2223 2222 .2223 . 2221 .2218 .2221 .2466
After 2 Hour Siliconization
1 2219 2217 l 2220 I . 2217 L2213 L2219 .2466
p 2232 2231 2233 2228 <2227 2231 .2471
3 2237 .2235 2240 2228 L2226 .2231 -2471
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TABLE XXIV - . : s
PITCH DIAMETER MEASUREMENT Y
ON WSi, COATED AND UNCOATED
T-222 1/4-20 STUDS
R "T" End Numtbered End
" P.D P.D. ¥.D. P.D.

Specimen 2nd 7th 2nd . 7th Body'y
No. Th'd Th'd Th'd Th'd Diameter
2 L2175 L2173 2172 .2169 .2523.0
2a™ L2077 .2074 .2075 ,2072 ,2465.0
3 L2161 .2158 .2162 L2162 .2522.0
3a .2078 .2075 L2077 L2077 .2473.8
6 L2167 L2163 L2163 ,2160 .2519.0
ba .2073 L2071 L2070 L2672 .2470.0
7 L2156 .2155 L2154 L2157 .2522.1
7a 2075 .2074 .2071 L2072 .2477.0
8 2152 .2151 .2145 L2140 .2511.0
8a .2073 .2074 L2074 2074 L2469 9

e sl

*

a = before coating
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SECTION VIII T |
OXIDATION TEST PROGRAM
A. PROGRAM OUTLINE 7
The test conducted in this portion of the test program consisted of:
1. Static oxidation tests in stiil air at; 2000-2800°F for col'mbium
alloys
’ 2400-3200°F for the
tantalum alloy
2. Dynamic oxidation test in air meoving at: -
200 Ft/scc at: 2200-2800°F
for columbium alloys
2400-3000°F for the tantalum :
alloy
3. Partial pressure tests at 10~%torr and 1 torr at:
2000-2600 °F for columbium i
and tantalum alloys : !
These tests were conducted, when appropriate, on all fastener S 1
configurations. All tests described in this section were conducred E {
at Standard Pressed Steel except the static oxidation tests on T-222 ‘
which were conducted at Vitro Laboratories. i
‘
Detailed descriptions of the brocedures and results follow. !
!
. PROCEDURES AND EQUIPMENT ‘
i !
1. Static Oxidatjon - These tests were conducted in a tubular globar ! 1
furnace with 3" diameter mullite muffle using high purity, : lumina ! i
boats to support the parts. This furnace is shown in Figure 37. i }
It is controlled by means of Platinum-Platinum + 10% Rhodium !
thermocouples used in conjunction with a Leeds and Northrup current
adjusting type controlier and a eaturable corc reactor. The correla-
tion between part temperature and furnace temperature was constantly
checked by inserting a Pt-Pt+10% Rh thermocouple with the junction
directly beneath the alumina boat.
Because of the difficulty involved in the observation of all surfaces
of a fastener during test, a program of cyclic oxidation was 4
edstablished. This consisted of exposing the parts to three, 4.6 ; i
hour cycles {with inspection between cycles), followed by cycles .
| v
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from 16-20 hours uniil failure was observed, Time to heat from room
temperature to test temperature or cool from test temperature was

-about 20 minutes. . .. L . .

The static oxidation tests on T-222, which were conducted at Vitro,
were performed in an induction heated tube furnace with an alumina
muffle, The parts were supported on three-layer setters ac described
in Section VI, C. Exposure was continuous.

Dynamic Oxidation - These tests were conducted in an apparatus
built specifically for this purpose., The apparatus has a capability of
subjecting parts to air velocities of up to 250 ft/sec and tempecra-
tures of up to 3000°F.

The test apparatus consisted of an A.C. arc device which was
controlled by a variable reactance coil. This arc device was so
constructed as to permit passage of metered air through the arc gap
thereby heating the air to near arc temperatures., The specimen
being tested was placed on the downstream side of the arc in the air
stream. A refractory chamber was provided at this location for
support of the specimen. After a few minutes of operation the chamber
and specimen were close to equilibrium conditions, thus minimizing
the heat lost by the specimen through radiation. Specimens in the
chamber were supported by alumina fingers except in the case of
T-222 where the parts were inserted through a hole in the chamber
and were externally supported. Photographs of the apparatus are
shown irn Figures 38 through 41.

a. Control of Parametors

(1) Temperature - Control was accomplished by means of the
coarse adjustments of the choke ccil in the 440 V. A, C, line and
by the fine adjustment of the current in the D.C. field coil
surrounding the arc device. Temperature was measured by
means of a Pyro optical pyrometer after the correlation between
downstream-optical temperature and upstream actual tempera-
ture had been established using emissivity determined in the
tube furnace and optical temperature readings taken on the up-
stream side of the specimen. Temperatures reported in the
resulls are optical readings corrected for emissgivity and
position.

{2l Air Velocity - Air volume and pressure were varied and

metered prior to entering the arc. The hot air stream velocity

was then calculated on the basis of ambient and specimen tempera-

ture, initial and discharge pressure, initial flow rate, and the
throat area around the specimen,
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3. Partial Pressure Oxidation - These tests were conducted in
two different facilities dependent upon the partial pressure
level desired. The procedures differed somewhat and are
therefore discussed separately.

a Partial Pressure Level - 10-2 torr - These tests were con-
ducted in the cold wall vacuum furnace shown in Figure 42,
This furnace is capable of operation up to 3000°F and is
equipped to operate at any preset pressure level down tu
10-4 torr. Tests at the 10-2 torr level were conducted as
follows: Insert parts into chambsr on suitable support and
seal furnace, Pump down to 107 torr and heat to tempera-
ture (heating begins at 5 x 10-2 torr). Hold at temperature
for the desired length of time, Cool to room temperature.
Raise pressure to 1 atmosphere and remove parts from
furnace.

!
i‘:
:
]

b Partial Pressure level-lmm - These tests were conducted
in the tube furnace shown in Figure 37. It is a tubular globar
furnace with a mullite muffle adapted for vacuum operation
through the use of vacuum tight seals and a mechanical

. vacuum pump capable of maintaining a pressure of 5 x 10-2

3 torr in the tube. Desired pressure levels are maintained by

a controlled leak at the end of the tube opposite the pumping

system. The tests were conducted as follows:

With furnace at 2000°F and dry argon flowing through the
muffle, slowly insert part into the center of the furnace,
Shut off argon, seal tube end and evacuate to ltorr, Raise
temperature to test level, Hold the desired length of time.
Reduce temperature to 2C00°F. Shut vacuum system off and
raise pressure to 1 atmosphere by admitting argon.

Open tube end, continue argon flow, and withdraw part to end
of tube. Remove part when it cools to room temperature,

C. TEST PROGRAM AND RESULTS

1. Static Oxidation - The tests of static oxidation were perfcrmed on
columbium alloys at 2200°F, 2400°F, 2600°F, and (in a few cases)
2800°F. All pieces were tested to failure except for twe pieces which
were exposed for 116 hours with no failure, the test being discontinued
at that time. The results of these tests are shown in Table XXV and
Table XXVI and are graphically presented in Figure 43, Photographs

of tested parts are shown in Figures 44, 45, and 46,

|
|
z
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The tests of T-222 were conducted at 2400°*F, 2700*F, 3000°F, and

200°F. All pieces were tested to failure except those picces which
had not failed in 134 hours. The results of theee tests arc shown in
Table XXIV. Photographs of some tested parts are shown in Figure
47.

2. Dynamic Oxidation - These tests were performed at 2200°F, 2400°F,

and 2600°F on columbium alloys and at 2400°F, 2700°F, and 3000°F
on T-222, All tests were continued to failure,

Orientation of the columbium hex head bolts and nuts was with the
bolt centerline vertical, and therefore perpendicular to the hot air
stream which is horizontal. Some parts were tested with the bolt
head up while others were tested with the bolt head down,

Testing of the flush head bolts in the same position as the hex head
bolt: would have exposed the thin edge of the hcad to conditions

which they would not encounter in service since they would be installed

in countersunk holes and would not protrude.

The flush heads were therefore oriented as shown in Figure 48, The

temperature of the threaded end was used as the controlling temperature,

Figure 48, Columbium Alloy Flush Head Bolt DynamicOxidation
Specimen Orientation

The T-222 bolts were tested as shown in Figure 49 to avoid the
high temperature reaction between the WSi, coating and the Al1203
test specimen supports,

— e e e m—— ——— c——

Figure 49. T-222 Oxidation Test Specimen Orientation
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The results of the dynamic oxidation tests are shown in Tables

; IQCVLII, AXIX, and XXX. The colymbium alloy test rcsults are s_hown

3'

graphically in Figure 50 and phetographs of ¢olumbium and tantdlumi
test pieces are shown in Figures 51 through 55.

Partial Pressure - These tests were devised to simulate the effects
of elevated temperatures and low pressures cncountered during high
velocity flight at altitudes of 30-50 miles above the earth. Thesec
environments were investigated in terms of their effects on the basec
metal-.coating system dircctly and on their effects on the ability of
the coating system to withstand subsequent atmospheric pressure
elevated temperature exposure. Since pricr oxidation was belicved
to have an influence on the partial pressure effects, a preoxidation
treatment of 2000°F for 15 minutes was adopted. This was con-
sidered the maximum exposure which the materials would experience
prior to encountering low pressure. The importance of this pre-
oxidation was evaluated by testing several parts without this treatment.

2. Columbium Alloys with Cr-Ti-Si Coating - The first tests were
conducted at 3000°F to observe the mode of failure under extreme
conditions. Two Cb752 and Ci29Y bolts were preoxidized at 2000°F
in air for 15 minutes then hcated to 3000°F at 10-2 torr of air,
After 12 minutes at temperature, severe outgassing from the speci-
mens caused the chamber pressure to increase to above .05 torr
at which pressure the furnace heating control automatically shuts
off. The parts were cooled to room temperature as described
above. Examination of the specimens showed severe blistering of
the coating over the entire surface (Figure 56a). These specimens
‘'were then tested in air and failed after 2 minutes between 2000°F
and 2200°F {while being heated toward 2400°F). Failure occurred
by base metal oxidation over the entire surface (Figurc 56b).

The next tests were run at 2600°F, 10-2 torr of air using Cb752
and C129Y hex head bolte, After 6 hours, severe flaking of the
coating had occurred. Two pieces (one of each material) were
then tested in air in the following sequence:

1 hour - 2400°F - (Figure 57a)
+1 hour - 2600°F - (Figure 57b)
+1 hour - 2600°F - Failure (Figure 57c)

The remaining pieces were exposed at 2600°F and 10°2 torr up to
a total of 23 hours (Figures 58a and 58b). They were then heated
in air and failed before reaching 2200°F (Figure 58c).

The effect of the lack of preoxidation on the partial pressure
failures was assessed by exposing Cb752 and C129Y bolts to the
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2600°F - 10-% torr environment without previous oxidation.
After 13 hours the coating had flaked severely (Figure 59a).
Exposure of these specimens to 2400°F air resulted in f'ailqre of

tha CH7R2 ananimen in 2 hauss o P IS SR o OO S S i T,

ALl VY S ORVWwhiliVil Al 7 AU MLIO BLIW VAT V’zgY ;yc‘-llll‘:ll 411 7t huu&a
{Figure 59b), These lives are considerably less than would be
expected without the partial pressure treatment.

An uncoated Cb752 bolt was processed through all 2600°F - 10-¢
torr cycles as a control, It remained completely free of oxida-
tion throughout the tests.

The nuts were free spinning on all specimens after partial
pressure cycles.

A summary of these tests is shown in Table XXVII1,

Following the above described preliminary tests, an orderly
program was established to perform the following:

Preoxidize Cb752 and C129Y bolts and nuts at 2000°F for 15
minutes. Expose these bolts and nuts to 2000°F and 2400°F
at 10-2 torr and 1 torr for 4 hours then subject the pieces thus
exposed to static air at 2400°F to failure. Tke results of this
pregram are contained in Table XXXII and the tested parts are
shown in Figures 60 and 61.

Tantalum Alloy with Si-WSip Coating - The initial tests were
conducted at 10-2 torr and 2600°F to determine the rate of coat-
ing volatilization under these conditions. Preoxidized parts
exposed for 10 minutes lost an average of 4 mg/cm2 and parts
exposed 1 hour lost an average of 6.5 mg/cm?. The effect of
preoxidation on this behavior was determined by exporing a few

as coated studs to 10”2 torr and 2600°F for 10 minutes. The
pieces lost an average of 6.5 mg/cmz. Additional parts were
exposed to . fliorr and 2603°F for 1 hour with a resuiting average
loss of 4.2 mg/cm?. These were then exposed in air at 2400°F
and they failed in three hours. This compares i» the 2400°F life
of unpreoxidized 5i-WSi, coated T-222 reported in Section VI.
Exposure to parts to 10-2 torr and 2400°F produced weight losses
averaging 4.1 mg/c:m2 and subsequent failure at 2400°F in air in
two hours. T-222 hex head and tlush head bolts exposed at . Oltorr
and 2200°F lost an average of <. 1 mg/cm? and failed in subsequent
2400°F air exposure in two and six hours respectively.

Exposure at ! torr and 2400°F for 7 hours produced less than

.01 mg/cm2 weight loss and exposure at 1 torr and 2200°F for

7 hours produced no weight loss, The 2400°F bolts failed in three
hours in air at 2400°F and the 2200°F bolts failed in 5 and 12 hours.
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The results of thece tests are shown in Table XXXIIT and typical
tested parts are shown in Figures 62 and €3,
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DISCUSSION OF RESULTS

Results of the static oxidation tests of the celumbium alioys indicate
that the oxidation lives of the two alloys in both configurations are

essentially equal and the areas of failure are distributed over several
lucaiions.

The dynamic oxidation t :st results show a significant reduction in
life compared to the sta“ic oxidation results. The dynamic results
were generally only 4-8% of the static results,

At the 2400°F tesi temperature which was common to the columbium

and tantalum alloys, the dynamic oxidation lives were essentially
equal for all three alloys,

In the partial pressure tests on columbiurmn alloys the results indicate
that C129Y is unaffected by exposure to 2000°F or 2400°F at 10-2
torr or 1 torr for up to 4 hours, The Cb752, on the other hand, exhibits

a degrading effect which is most significant at 1 torr for both tempera-
tures,

The Si-WSiz coated T-222 cxhibits considerable degradation of coating

at both I torr and 10-2 torr at temperatures as low as 2200°F, This
degradation occurs despite the absence of any significant weight loss at
the lower temperatures. 7The degradation appears to remove the benefit
of the preoxidation and results in 2400°F oxidation lives similar to those
reported in Section VI for unpreoxidized Si/WSip coated T-222, 2,8 hours.
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Figure 37 - Static Oxidation and 1 Torr Partial Pressure Oxidation
Test Equipment. ) ' o

{Shown set up for partial pressure tests) .

-
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Figure 39. Dynamic Oxidatios Test Apparatus S
Hot Air Strean: Without Test Chamber
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“Figure 40 Specimen Holder and Test Chamber With
Specimen QOutside Chamber,

Figure 41 Spacimen Holder and Test Chamber With
Specimney in Chamber,
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DYNAMIC GXIDATION LIFE S{/WSi, COATKD 1T-222 1/4-20 HEX HEAD
BOLTS -~ THREADS EXPOSED (VELOCITY 200 'YSEC-61 METEAS/SECQ)

Test Temperature “i Life (Hours)* Failure Location
D °C
L
I
2400 1316 21 Thread
2,2 Thread
0.9 Thrcad
2760 1482 0.6 Thread
0.9 Thread
1.2 Thread
3000 1649 0.3 Thread
0.3 Threcad
0.8 Thread

% Parts check at , 3 hour intervals except when failure
.- became ¢bvious during a cycle
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TABLLE XXXI1

OXIDATION LIFE OF VITRO Cr-1i-20 COATED 1/4-20 POINT-DRIVE
;- FASTENERS AT 2400°F (1316°C) IN STATIC AIR AFTER FOUR HOURS OF
PARTIAI PRESSURE EXPOSURE, ALL PARTS PREOXIDIZED AT 2000°F
E (1093°C) FOR 15 MINUTES PRICR TO PAKTIAL PRESSURE EXPOSURE
]
.
i Exposurc at 2400°F (13i6°C) in Static Air
gj Partial Pressure History Material Life-hre Location of Average
¥ Failure Lifc
§ Temp, Pressure | Time
Cb752 14-18 Nut Corner 13
( 2 6-12 Thrcad Crest
2000F | 107 “torr | 4 hrs,
(1993°C) cizey 26-30 Nut Faces 32
32-34 Nut Faces
- Cb752 2.6 Thread Crest 10
2 12-16 Thread Crest
2400 9 10" “torr | 4 hrs.
(1316°C) C129Y 20-24 Thread Root 23
22-24 Nut Facces
Y Ch752 0-4 Thread 3
' 2-6 Thread
2000°F 1 torr 4 hrs,
] (1093°C) Cia9y 24-30 Nut Faces 24
20-22 Thread Crest
L
Cb752 N-4 Thread Crest 3
-6 Thread Crest
2400°F 1l torr 4 hrs.
(1316°C} cl29Y 36-40 Nut Faces & Thread| 30
. 18-24 Nut Faces

B e

109

Static Oxidation Life of Vitro Cr-Ti-Si Coated Point Drive Bolts at 2400°F
without Partial Pressure Exposurc - Cb752 14-21 hours; C129Y 14-32 hours.
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LARORATORIES

Ch752 Hex llead . -

Cb752 Point Drive = e = Lme = — Chart No_:

Cl29Y Hex Head -—-i'—-———- Dute:

Cl120Y Point Drive ~—==e{Jrmcee—-
_'_TH]HI ﬂﬂ]l”l HU]ITHIHHIHHIIHITTﬂ]lﬂH]TTﬂ WTIHU TTHT'TH llﬂl”” AR
- , =
p-—— 116 hours - No Failure —
= =
5 \ 3
aE’T‘ \\ __*_j
I~ 80 \ po
= \ 3
= \ s
— 70 c\ Y =
- — -
= \ \\ —E
— W\ =
- A0 A AN 2 —
= \\ \l _=
- \ 3
= 50 ‘\i\ AL =
- N E
=t N E
- 40 31 \ 3
S \ =
SR \ W\ =
— 5 \ VB =
SRV AU AN =
g \ X =
== \ \\\ 3
— 20 \ ~ k‘. -
= AN 3
::-- <:>~. ~ \\\ \\\ ::
[— ~ SN\ —
- P W =
— 10 B o X 3
[— WG
;;_ \\ j
= \ 3
[~ 0 Test Temperature 9F (°C) \ 3
— 2200 2400 2600 2800 3
= (1204) (1316) (1427) (1538) =
[— ] '
nJH!IUl UJJIJL lthlH l|iL1JJUl|_HJJ|IHI llll“lll lJllJUll lLlJILlHIJHllJllI IIIIIIJ-T:1

Figure 43
111
R e, T

141-.3




2200°F 2400°F
(1204 C) (1316 C)

- Y
2600°F 2800°F I
(1427°C) {1538 %) '

Figure 44 Cb 752 Static Oxidation Specimens
Vitro Cr-Ti-Si Coated
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Figure 45. C129Y Static Oxidation Specimens,
Vitro Cr-Ti-Si Coated
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Figure 46

Clayy

2200F
(1204 %)

2400 Y9F
(1316°C)

2600°F
(1427 )

Static Oxidation Specimens - Columbiuin Alloy
Vitre Cr-Ti-Si Coated Point-Drive Bolt

114

S




TR T T T ey

Bt
-~
b
yos
44
s 24
—
[
A
.-

3 l(lcjd lﬁ()l[&

2400 9
(1316°C)

27 00°F Completely xidimod
(1482°C)

3000°F
(1650 9)
i
3200°F
- {1760°C)
S i e
= l',- - Rt HIIE
Figure 47 Static Oxidation Specimens -~ §i/W5i; Coated T-222
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Dynamic Oxidation Life of V tro Cvr-Ti-51 $ﬁv -
Coated Cb752 and 27Y Bolts
: Cb752 Hex Heads ~O- LABORATORIES
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2200 % . 2400°F
(1204°C) {1316°C)
2600°F
(1427°C)
1
N
2800°F
: (1538°C)
3
§ Figure 51 Cb 752 Hex Head Dynamic Oxidation Specimens, -Vitro
: Cr-Ti-5i Coated (Tested inposition shown)
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2200°F . 2400°F

(1204 C) (1316°C)

Figure 5

2600°F
(1427 C)

2800 F
(153¢°C)

2 C129Y Hex Head Dynamic Oxidation Specimens, Vitro Cr-Ti-51
¢oated {Tesled in position shown}
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2200°F
(1204°C)
2400°F
(1316°C)
2600 °F
(1427 °C)
Figure 53 Cb752 Point Drive Dynamic Oxidation Specimens, Vitro Cr-Ti-Si
Coated
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2200°F :
(1204°C) ;

[T ——

Z400°F
(1316<C)

2600°F
(1427°C)

Figure 54 C129Y Point-Drive Dynamic Oxidation Specimens, Vitro |
Cr-Ti-Si Coated

120 H

N S

P P S fo = el



2400°F

2700°F

3000°F

Figure 55 T-222 Dynamic Oxidation Specimens,
Si/WSi,; Coated
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Cb 752 Ccl29y

a. Prceoxidized - 20000F (1093°9C) - 15 minut- 8 in air,
Exposed at 107¢ torr - 12 minutes 3000°1 (1650°QC)

Cb 752 Cl29Y
b, Exposed as ina, plus 2000°F (1093°C) in air - 2 minutes

Figure £6 Vitro Cr-Ti-Si Coated Columbium Alloy Fasteners
Ozxidation Tested as shown,
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Cb 752

Cl129Y

a. Prcoxidized - 2000°F (10930C) ~ 15 minutes in air,
Exposed at 102 torr - 2600°F (14279C) - 6 hours
24000F (1316°9C) in air - 1 hour

Cb 752

Cl2g9Y

b, Expored as ina, plus 2600°F (1427°C) - 2600°F in air
1 hour

Ch 752

Cl29Y

c. Exposed as inb, plus 2600°F (14'27"(3) in air - 1 hour,

Figure 57, Vitro Cr-Ti-Si Coated Columbium Alloy Fasteners
Oxidation Tested as shown,
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Ch?52
Ccl29Y
a. Prcoxidized - 2000°F (1093°C) - 15 minutes in air,
Exposed at 10 © tord - 2600°F (1427°C) - 10 hours
Cb752
Ccl29Y

b. Exposed as in a, plus 10-2 torr - 26000F (1427 ) - 13 hours
{(Total 23 hours, }

cl29Y E e

Cbh752

c. Exposedas inb, plus 2000-2200°F (1093-1204OC) in air-
5 minutes

Figure 58 Vitro Cr-Ti-Si Coated Columbium Alloy Fasteners Oxidation Tested
as Shown
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a, Exposced at 107¢ torr - 2600°F (1427°C) - 13 hours,
(Not preoxidized).

Cb 752

C129Y

b. Exposed as shown in a, plus 2400°F (1316°C)in air
3 hours - Cb 752, 7 hours C129Y

Figure 59,

Vitro Cr-Ti Si Coated Columbium Alloy Fasteners
Oxidation Tested as shown,
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a. 1072 torr - 26009F b. 1072 torr - 2600°F
10 minutcs 10 minutes

Ce - 2600°F d, 10-% torr - 2600°F
I Locur

e, 102 torr -2600°F {f. 1072 torr - 2600 °F
1 hour plus 2400 ¥ 1 hour plus 2400 F
in air - 3 hrs, in air - 2 hrs. /

Figure 62 Partial Pressure Test Specimens
S51/WSi2 Coated - All preoxidized except b, i
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a. 10-2torr - 2200°F - 1 hour b. 1072 torr - 2200°F - 7 hours :

plus 2400°F in air - 2 hours plus 2400© F in air - 6 hours :

i

!

i E
b {
; .

£ c. 1 t'orr - 2400 ©F - 7 hours d. 1ltorr - 2200 ©F - 7 hours
plus 2400©¢ F in air - 3 hours plus 2400°9F in air - 5-12 hours
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i Figure 63 - Partial Pressure Test Specimens ) !
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\ & Si/Wb5iLoated - All Preoxidized E ;
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SECTION IX

MECHANICAL TESTING

A. PROGRAM OUTLINE

The mechanical testing portion of this program required the testing
of all material-configuration combinations as follows:

Ultimate Tensile Strength

Ultimate Shear Strength

Fatigue Life at 50% of Ultimate Tensile Strength
Relaxation in a Tightened Joint

The tests were conducted at temperatures of from -320°F to 2600°F,

B. PROCEDURES AND EQUIPMENT

1.

Ultimate Tensile Strength and Ultimate Shear Strength Tests

All tensile and shear tests were conducted in a Tinius Olsen
30,000 pound tensile testing machine,

Heating for tests at 600°F and above was accomplished by
means of a Satec platinum-rhodium wound resistance furnace,
capable of attaining 2800°F, The furnace was controllud by

a Leeds & Northrup current adjusting control and a saturable
core reactor,

platinum, platinum - 10% rhodium thermocouple positioned
within one inch of the part being tested. Temperature
accuracy was dete¢rmined periodically by means of a Pyro
optical pyrometer sighting through a viewing port directly

in line with the test piece, The furnace was sufficiently

well sealed at the ends to approximate '"black hody'' conditions
thereby permitting use of direct readings from the optical
pyrometer, These readings consistently agreed with the
thermocouple readings within +10°F, The furnace was altered
to provide a protective atmosp-ﬂere during the heating and

cooling cycles to prolong the life of the fixtures. A photograph
of the setup is shown in Figure 64,

The fix ures used for these tests are shown in Figures 65
through 70, They were all made of Fansteel 85 and were
coated by TRW with Cr-Ti-Si coating to a thickness of , 003",
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he life of the fixtures was prolonged by the application of
a coating of the Mo5i2 - Colloidal SiO2 slurry in areas in
which the coating had failed and in areas of possible mech-
anical damage. A few sets of coated fixtures were painted
with this slurry prior to any elevaied temperaiure expusure,
These fixtures performed exceptionally well insofar as
general oxidation is concerned.

The tests were performed according to the following pro-
cedure:

a. Assemble test {ixtures and test piece into furnace and
attach to machine,

b. Align furnace with test assembly and position test picce
opposite viewing window,

c. Seal ends of furnace by packing with Fiber{frax and clamp-
ing with transite plates,

d. Insert thermocouple,

e. Turn on furnace -~ set controller to test temperature.

f. When temperature reaches 1000°F, turn on dry nitrogen at
15 cubic feet per hour,

g- When part temperature reaches 40° below set temperature,
turn gas off (temperature rises 20 - 40° due to removal of
cooling effect of the gas)

h. Allow part to remain at test temperature for sufficient time
to assure temperature uniformity throughout test system,
{10 minutes for 2000°F tests to no hold time at 2600°F due
to slow approach to test temperature)

i, Pull test. Strain rate is 0, 025 inches/inch/mirutes up to

yield and appreximately 0. 05 inches/inch/minute to failure,

(for shear tests, continue cross head movement until

{ixtures scparatc as indicated by drop of load to 0)

Turn gas on, 15 cubic feet per hom.

Allow furnace to cool to 1000°F slowly

Shut off gas

. When furnace reaches 400*“F, remove test links aand broken

test piece,

St s
.
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Fatigue Teste

All tests were cnnducted on a Baldwin-Lima-Hamilton
Ivy Fatigue Machine which maintaing a constant locad
despite yielding o1 other elongation of the test systen,,
The [ixtures used for elevated temperatures are s hown
in Figures 65 thraugh 70. Heating was accomplished by
means of the platinum-rhodium wound furnaces that
were used for the ter sile and shear tests. Heating and
cooling cycies were as ¢ :scribed for tensile and shear

tests, The fatigue tes’ setups are shown in Figures 71,
72 and 73.

The fatigue tests were conducted utilizing two different
methods of load applizietinn, These were as follows:

a. Axial Fatigue

These tests were conducted by applying the test loads

in the axial direction, The maximum load was 50
percent of the ultimate tensile strength at the respective
temperature, Tkc minimum load was 10 percent of the
maximum load.

b. Jeint Shear Fatigue

These tests were conducted by applying the test load in
the transverse shear direction, To accomplish this the
parts were assembled into the double shear fixtures
shown inFigures 67 and 58, The bolts and companion
nuts were then tightened te 20 inch-pounds to simulate
a typical preload ceonditic

¥ v Arrinb e A S A& Y
conditicn in & t‘e;htcuc.u joint. Cilearance

was maintained at all times between fixture elements to
minimize the effect of frictior Letween the fixtures.on the
results of the test, Thus &1l apolied load was carried by
the belt being tested, The maximum applied load was 5G
percent of the ultimate shear streagth at the respective
temperature, The minirnsur: lv.ad was 10 percent of the
maximum load.

All tests were run at 1200 cycles per minute and were
stopped at approximately 140, 000 cvcles if failure had
not occurred,
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3. Relarxation Tests

a, Preparation cf Test Assemblies

The test aseuniklics consisted of coated hex hcad bolts and
companion nut, tightened into simulated joints consisting
of cylinders of Cb 752. The cylinders were uncoated, A
typical assambly is shown in Figure 74,

The bolt and nut v-ere tighcned to the maximum torque
which could he a- 'ied without danger of cracking the
coating. This had been previously determined to be 50

in. ~lb., on parts which had been pre-oxidized at 2000°F

for 15 minuvtes in still air, Fifty inch-pounds produced

a typical bolt elongation of 0, 0012 inches for Cb alloys

and , 0007'" for T-222. Based on a rocm temperature
modulus of elasticity of 16 x 106 psi for Cb alloys and
28x106 psi for T-222 and an effective bolt lengthof 1. 75
inches, the room temperature preload was 11, 000 psi,

In order to provide a smooth measuring area, it was
necessary to spet drill the ends of the bolts therchy re-
moving a small area of coating. The presence of the

kare refractory alloy precluded the possibility of running
the tests in air, In addition the results of partial pressure
exposure tests indicated that exposure of these assemblies
to vacuum at 2000°F aud above would result in loss of the
preload by loss of coating thickness in the bearing areas,

It was therefore decided that the tests would be run in dry
Argon. This provided an additional benefit since it per-
mitted the use of yncoated cylinders thereby greatly reducing
the amcunt of axjparent relaxation which would take place as
a result of plastic flow of the coating under the compressive
stresses :

Length measurern:its were taken on a Pratt-Whitney Supe:
Micrometer, Measurements were taken as follows:

(1) Original lengtt of the bolt

(2) Length of the bolt after application of 50 in. -1bs,
(3) Length of the belt after high temperature soak.
(4) Length of the bolt after disassembly

b, Heating Equipment

The high temperature cycles were performed in the Harper
tubular globar furnuace described in the Oxidation Test
Secrion, A protective atmosphere of dry Argon was provided
throughout the cycles,




o
!, ¢. Test Procedure
H
i The tests were performed as follows:
(1) Prec-oxidize bolts and nuts at 2000°F for 15 minutes
in still air. This applies to Cb clloys only, since
the T-222 parts had bcen previously preoxicdized at
2912°F (1500°C),
{2) Center drill center of thread and head end of bolt,
{3) Measure length of bolt to nearest . 6001 inch,
Assembly bolt and nut into cylinder and tighten
to 50 in, -lbs,
(4) Measure length of bolt.
(5) Place assembly on an alumina boat and insert into ‘
cold end of furnace (furnace temperature 20600°F), ;
(6) Assemble end plate of furnace and purge furnace
with dry Argon. i
(7) Continue Argon flow and push assembly slowly into !
hot zone of furnace (time from room temperature to ‘
2000°F, 10 minutes).
(8) Raise furnace temperature to desired level,
{9) Hold at temperature for desired length of time,
{10) Remove assembly slowly from hot zone, allow to cool,
remove from furnace,
(11) Measure length of bolt in assembly,
(12) Disassemble nut and bolt.
(13) Measure length of bolt.
: Figure 74, Rclaxation test Assembly
) Coated Cb 752 Bolt and Nut
on an Uncoated Cb 752
Cylinder.
}
é
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C. TEST PROGRAM AND RESULTS

1. Columbium Alloys

Tue mechanical tests on columbium alloy fastencrs con-
i sisted of the following:

a. Ultimate tensile strength at -320°F, room temnperature,
600*F, 2000°F, 2200°F, 2400°F and 2600°F,

b, Shear strength at -320°F, room temperature, 600°F,
2000°F, 2200°F and 2400°F,

c. Fatigue life at -320°F, room temperature, 600°F,
2000°F and 2400°F,

d. Relaxatior at 2000°F, 2200°F and 2400°F,

All the above tests werc couducted on Cr-Ti-S5i coated
parts in the as coated condition. Additional tests were
conducted on bare parts whenever practical,

The effect of a preoxidation treatment on the tensile strength
of coated parts was evaluated by exposing several C129Y
flush head bolts to 2600 F in air for 15 minutes then per-
forming room temperature tensile tests. The resulting
strengths averaged 3007 pounds compared to an as coated
strength of 3010 pounds,

The effect of one hour exposure at various elevaied temper-
atures was evaluated by exposing Cb752 and C129Y {lush
head boits to 2000°F, 2200°F, 2400°F and 2600°F in air
followed by tensile testing at room temperature,

2. Tantalum Alley

The mechanical tests on T~222 consisted of the following:

a. Ultimate tensile strength at -320°F, room temperature,
600°F, 2000°F, 2200°F and 2600°F,

b. Shear strength at -320°F, room temperature, 600°F,
2000°F, and 2400°F.

c. Fatigue life at -320*F, room temperature, 600°F,
2000°F, and 2400°F,

d. Relaxation at 2000°F, 2200°F and 2400°F,
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Some of the above tests were conducted on faateners
in the as Si/WsSip coatud condition, However, during
the final Ta coating work at Vitro it was discovered
that preoxidation of Si/WSip parts at 2912°F for 15
minutes produced a marked improvement in the sub-
scquent oxidation life at 2400°F and 2700°F, With
this benefit in mind a few mechanical tests were per-
formed on preoxidized parts., The results were
remarkable, Strength was increased over the entire
range from room temperature to 2600°F, In view of
the dual benef{it thus afforded by the preoxidation
treatment, all parts were subsequently preoxidized
prior to tests.

The results of the rnechanical property tests are con-
tained in Tables AXXIV to XLVI and Figures 80 to 88,

D. REUSABILITY

Throughout the program, data was collected on the factors involved

in the re

-use of refractory metal fasteners, The disassembly of

tested parts was carefully observed to determine ease of removal,
coating damage and any other significant items.

The following results were obtained based on the disassembly of
Cb 752 and CI129Y fasteners,

1,

Seventy-five percent of the parts exposed to 2000°F or
2200°F for up to two hours were able to be disassembled
without damage to the coating, The remaining 25 perceant
were able to be dxsassembled easxly, but minor damage

.- 'I B R NP
P Ty

Parts exposed to 2400°F fur up to 2 hours were able to be
disassembled in 50 percent of the cases with some coating
damage occurring, generally in the thread area. Attempts
to disassemble the balance met with bolt failu.e or severe
damage to the coating both in the threads and on the wrench-
ing surfaces,

Parts exposed to 2600°F for a- little as 15 minutes all

suffered either bolt failure by shearing or severe coating
damage,
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While the mechanical property test results are generally sclf
explanatory; there are a few items which should be discussed,

These include :

1. Coating of columbium alloy fastencrs has the effect of
reducing the room temperature tengile and shear strengths
7% and 4% respectively,

2. Coating of T-222 fasteners has the effect of reducing
the room temperature tensile strength 35% in the as
coated condition., This loss is partly recovered during
the precoxidation treatment, the resulting tensile strength
being only 20% below the bare tensile strength. Room
temperature shear however is increased about 8% by the coating
whether or not the coating has been preoxidized. The 600°F
shear strength is reduced nearly 20% by the coating.

3. Relaxation resistance of the coated parts tested appears
to be strongly dependent on the tendency of the coating to
flow under stress, This is most clearly evident in the T-222
results where gll preload was lost in one hour at 2000° F,
This result is not suprising in view of the larg. amount of
Zlass formed on the surface of the coating during preoxidized
The ylass evidently flows under pressurc thereby reducing
the preload to zero.
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TABLE XXXVIIIA
SHEAR STRENGTH OF
1/4-20 Cb 752 AND C129Y BOLTS
VITRC Cr-7i-Si COATED
{English System Units)
Test Cb 752 C129Y
Temperature Pounds PSI (Av.) Pounds PSI (Av.)
°F
-320 9000 7500
9100 8000
8900 6550
92 000 75 000
80 6200 6840
6350 6850
6420 6890
64 500 70 000
€00 4100 4125
3750 4070
3650 4225
39 100 42 300
2000 2810 3200
3025 3300
2875 3250
29 600 33 200
2200 2500 2625
2500 2655
2575 2665
25 800 27 000
2400 1945 ’ 2175
2000 . 2240 i
1885 2130 .
19 800 22 300 &
Uncoated - . :
-320 12 700 12 000 L g
12 750 11 800 S 3
130 000 121 500
80 6 070 6 720. o ;
6 140 62 300 6 660 68 300 S :
600 4390 - " 3 850 Co 1
4270 4 150
44 300 4 40 800
147 g




SHEAK STRENGTH OF
1/4-20 Cb 752 AND C129Y 8sOLTS
VITRO Cr-Ti-Si COATED

(International System Units)

Test
Temperature Ch 752 Cl29Y
°C Newtons |Newtons/cm2 | Newtons | Newtons cmé
-196 40 000 33 400
40 500 35 600
39 600 29 100
63 400 51 600
27 27 600 30 400
28 200 30 500
28 500 30 700
44 400 48 200
316 18 250 18 350
16 700 18 100
16 250 18 90¢C
26 900 29 200
1093 12 500 14 250
13 500 14 700
12 80¢ 14 450
20 400 22 900
1244 11139 il 700
11 100 11 800
11 50¢ 11 850
17 800 18 600
1316 8 650 ' 9 660
8 900 9 95¢
g 375 9 4560
13 650 15 400
Uncoated -
-196 56 500 53 300
56 700 52 500
89 500 83 600
27 27 000 29 990
27 300 29 700
43 000 47 160
60¢ 19 500 17 150
19 000 18 500
30 600 L 28 200
146
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TABLE XXXIXA

SHEAR STRENGTH OF 1/4-20 T-222 BOLTS
BARE AND VITRO WSiz2 COATED
(English System Units)

Shear Strength

Test
Temuerature Coated Vitro WSi> Bare
°F Pounds PSI (Av.) Pounds PSI (Av.)
-320 12 100% 12 400
12 250% 12 875 J
12 350% 12 500 y
125 000 129 000
80 8 900% 8 000
9 000% 8 450 i
9 100% 8 500 ‘;
92 Q00 85 000 i
9 200% *
9 000% *
9 000* % :
92 500
600 5 420%% 6 640
5 5BO%%x 6 980 ;
5 720%* 6 90 [
56 900 69 800
1
2090 5 200%% _——— -
53 100
2400 3 485%%
35 400 ——- -—-

* As coavel
**Coated and preoxidized at 2912°F for 15 minutes
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TABLE XXXIXB

SHEAR STRENGTH OF 1/4-20 T-222 BOLTS
BARE AND VITRO WSiz COATED
(International System Units)

Shear Strength

Temperature Coated Vitro WSip Bare
°C Newtons Newtons/cm#%| Newtons | Newtons/cm?
-196 53 §00% 55 200
54 500% 57 200
55 000% 55 600
86 000 88 800
27 39 600% 35 600
40 100%* 37 600
40 500% 37 800
63 400 58 500
40 900%*
40 100%*%
40 100%*%
63 700
316 24 100%% 29 500
24 800 31100
25 500%% 30 700
39 20¢C 48 200
1093 23 100%% --— _——
36 600
1316 15 500%x% - .
24 460

¥ As coated

*¥Coated and preoxidized at 1500°C for 15 minutes
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TABLE XL

AXIAL FATIGUE LIFE OF COLUMBIUM ALLOQOY 1/4-20 FASTENERS

Maximum Lead - 50% of Ultimate Tensile Strength
Min'mum load - 5% of Ultimate Tensile Strength except where noted

Teotl Ternperature Head —l Maximum Stress Minimum Stress Life, Farlure
*F C Material} ordiguration PS5l Nicme PSi N/cmd Cycles Location
-52¢ -196 Cb 752 Hex 28 000 19 300 2800 1e30 40 000 Thread

20 000 Thread
Flush 19 600 13 500 1960 1350 150 0G0 No Failure
29 200 20 200 2920 2020 12 500 Thread
29 200 20 200 2920 2020 21 000 Head
C129Y Hea 28 000 1e 300 2800 1230 40 guo Thread
20 000 Thread
Flush 17 300 11 000 1730 1juo 150 000 No Failure
25 900 17 800 2590 1780 --- Broke loadine
80 2?7 Ch 752 Hex 44 800 30 200 1480 3090 15 000 Thread
13 500 Tiread
5 000 Thread
Flush Ja zow 27 000 3220 2700 13 000 Head
13 000 Head
9 000 Head
cl2qy Hex 49 000 33 ROO0 $900 33s0 5 500 Thread
11 000 Thread
15 000 Thread
Flush 47 000 32 400 4700 240 8 500 Hcad
7 000 Thread
o D00 Thread
©00 316 Cb 752 Hex 31 100 2] 400 3110 2140 74 000 Thread
315 000 Thread
3v 000 Thread
Flush 29 200 20200 2320 2020 19 000 Thread
10 CO00 Thread
43 000 Thread
Ci29oy Hex 33 800 23 300 3380 2330 b4 000 Thread
05 000 Thread
115 000 Thread
Flush 33 000 22 700 3300 2270 27 000 Thread
3o QU0 Thread
12 000 Thread
2000 1093 Chb 752 Hex 21 2or 14 00 2120 1300 140 000 No Failure
110 000 No Fatlure
7 000 Thread
Flush 22 800 15 700 2280 1570 11 000 Thread
5 000 Thread
4 500 Thread
Ccl29Y Hex 23 200 16 000 2320 1000 6 500 Thread
26 000 Thread
4 000 Thread
Flush 23200 1o 00D 2120 1200 141 800 No Failure
157 000 No Faslure
100 000 No Failure
240C 1316 Cb 752 Hex 14 500 10 000 1450 1000 64,000 Thread
15C 000 No Failure
140 600 Ne Failure
Flush 15 700 10 800 1570 1080 145 000 No Failure
153 000 No Failure
123 000 Thread
Cl29Yy Hex 15 70¢ 10 800 1570 1080 110 000 Thread
71 206 Thread
4 000 Thread
Fluah 16 100 11190 1610 1ie 132 000 Thread
138 00OV Thread
108 00O Thread
* 75% Ultimate Tensile Strength
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TABLE XLIII

RELAXATION TEST DATA ON Cb 752 1/4-20 HEX HEAD BOLTS
PRELOADED TO 11, 000C PS! {7570 N/cm?) AND EXPOSED TO
ELEVATED TEMPERATURE AS SHOWN
Length Length Residual Load
Temperature | Time After Soak | After Soak | Change in
°F °C | (Hrs.) (Seated) (Unseated) | Leungth psi | N/cm?2
2400 1316 2 2,1178 2,1177 0.0001 915 631
2200 1204 2 2.1126 2.1124 0. 0002 1830 1260
2000 1093 1 2,1179 2.1174 0. 0005 4570 3150
2060 1093 1 2, 1156 2.1151 0.0005 4570 3150
2000 1093 2 2,1044 2.1040 0. 0004 3660 2520
2000 1093 5 1,3829 1.8826 0. 0003 3200 2200
2000 1093 5 1, 8684 1,8681 0.0003 320¢C 220C
2000 1093 5 1,8843 1,8840 0.0003 3200 2200
2000 1093 5 1. 8880 1.8875 0. 0005 5300 3650
Residual Load = __Change in Length xE

: Cylindexr L.ength + 1/3 IMNut Hzight
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TABLE XLIV

RELAXATION TEST DAT.A ON C123Y 1/2—20 HEX HEAD BOLTS
PRELOADED TO 11,000 PSI {7570 N/cm®) AND EXPOSED TO
ELEVATED TEMPERATURES AS SHOWN

Length Length Residual Load
Temperature | Time After Soak| After Soak } Change in
°F *C | (Hrs,) {Seatell) (Unseated Length Ppsi N/cm2
2400 1316 2 2.1095 2. 1695 0. 6000 0 0
2200 1204 2 2.1138 2,1137 ¢. 0001 930 641
2000 1093 1 2.1114 2.1110 0. 0004 3660 2520
2000 1093 1 2.1146 2.1144 0. 0002 1830 1260
2000 1093 2 2. 1112 2.1109 0. 0003 2790 1920
2000 1093 5 2.1154 2, 1150 0.0004 3660 2520
2000 1093 5 2,1178 2.1175 0. 0003 2790 1920
2000 1093 5 2, 12;9 2.1215 0. 0004 3660 2520
2000 1093 5 21258 2.1255 0.0003 2790 1920

Residual Load = Change in Length (upon unseating) xE

CylinderLength + 1/3 Nut Height
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TABLE XLV

PERCENTAGE OF 11,000 PSI (7570 N/cm?) PRELCAD
REMAINING IN TIGHTENED 1/4-20 COLUMBIUM BOLTS
AFTER HIGH TEMPERATURE EXPOSURE

Temperature

°F °C Time Chb 752 Cl29Y
2400 | 1316 2 hours 8% 0
2200 | 1204 2 hours 17% 8%
2000 | 1093 5 hours 31% 27%
2000 | 1093 2 hours 31% 23%
2000 1093 1 hour 42% 24%




Temperature % Preload

) °F °C Time Remaining
T 240G 1316 2 hours ¢
2200 1204 2 hours 0
2000 1093 2 hours 0
.| 2000 1093 1 hour : 0
2060 1093 30 minutes 0
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TABLE XLVI

PERCENTAGE OF 11,000 FSI {7570 N/cmé) PRELOAD REMAINING
IN TIGHTENED 1/4-2¢ T-22zZ BOLTS AFTER HIGH TEMPERATURE

EXPOSURE
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Figure 64, Test Facility for 600° -2600°F Tensile
and Shear Testing,
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Figure 70. Tensile Test Links After Eight Tests
at 2400°F, (Material F5-85-THEW
Cr-Ti-51 Coated)
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Figure 71. Set-up for -320¢F Fatigue Tests,




. Figure 72, Set-up for Eoom Temperature Fatigue : A
Tests, e
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Figure 73, Set
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Ultimate Tensile Strength vs, Temperature
for T-222 1/4-20 Bolts with
Vitro WSiz Coating

LABORATORIES

—) As Coated
— — —)\ Pre-oxidized 2912°F(1600°C) ~15 minutes Chart Ne.:

g — - el ] Bare Date:
:_'llllllll llllllﬂl ﬂTl]Hﬂ THIIHIT Hllill!l HIIIIIII HHIIHI Hllll!li IIHI!IIi ﬂ]ll
.:__'140) !
=200

UHIIT’T
®

o
/

— (120) \ =
= 160 i_ \ =
= E
= (100 =
— 140 N = ;
- N’: \ *_E "1
= b Q h § = 1
[~ 120 Y \ \ 3 :
(80| 5 NAE E |
S ) E 4
— 100 Rv] \ p

F E ﬁ- \ h*-—-»‘.__.___ ?_:
E—(60) | & \ I e Y —
—_80 s ) AN =
= B A =
— 2 \ —
E 60 | @ =
ot & N
- . —
E Al = |
=40 & =
- = =
=—(20) | P —
— 20 Tempcrature, |°F(°C) =
S 320 |go 609 2000 2400 =
= [ - 196) 27) (316) (1093) (1316 ) (1538) _E'? |
N hm L1 lml :mhm ,uull_ul H_Ijll!l mn!m! lUI]IHIIIHJIllli[lll![llli‘lllli 3°

- Figure 76




i

0

«

Qitm sifod 0zZ-%/ 1 A62Z1D PUeZal 9D

x03 sanjexadwa] ‘sa 4y33usajs J€3YF

_._:__trb

Lijiltlil

_:L_:ﬂ

SERERRRRE :311__::__::_2-_::_:_:_:_;::_:: AL RN RANRERRRRRRRRRRRN LARRRERRR=
— (i 1Mwoziilesor)y . O1£) (.2} (967~} B
—_ 3652 0025 0097 (Deldo oammiadwie] 009 it ze- T
P | “
- . m. —
s B : E
- 1971 ]
[ »?v’/ o {027 |L
ﬁ“ Qm -4
- i [ A |
- A -]
- W 3
—— [l ettt
— = -t
- 2| .3
— o p—1
— m Q.t -
e z —
- -
3 e
= ~ -
- 1 a—
- / {0or—H
e \ ]
- \ 4
'\ 00T

- ieeq | (s3eg) 621D == == == B\ =

_ reop x| (xeg) 2GL gD~ — K a..a s
TE2TD mem v = \ =

"~ 754 40 O v oy 3.
SABOLTUOEY ! o 55
Surieon 19-1L-ID OIIA ,¢ 3

i A

A R i

O~

Figure 7

171




14
AR RN RARS AR AARRS IRLER RN REARN AR AR AL ARRARERRRLERRRRNRRRRRRRRRAR R AR :4,_1“_:38
- {(91€1) (£601) : (91¢) VA (got-} ~
. 00¥Z 0002  (De)d. eamjEaeduwa 365 - cef - 0%g- i
- - 3.
— | 95’
— S = T
= 3 07 o
- [ 3
— - -
”I. - Y lm.\,.
- Aw/ {0z) 3
- // ,. i oF -
- _ ~
- = 3.
—_ /nwl’ m. g
- oo— —
i ! .
- Q__ (0 e
° 79 2
- N - .
- L\ r -
- N = 03 3
- N 2 loo—=}
ml D/ W. | 5
— / MO. | -
N 001
H -} {e4 // “
- " itoN WEUD O pe1E0n 21gM \ -
Ilulll.lm"l — Uk.ﬂm Ill'nld
S2UOLVEORV // fos) .}
‘83109 222-L GZ-%/1 /U -
103 2anjexedwa ] ‘54 Y3dusais 1BvIYS . 4U sH
-
ol e




T-222 Hex Head

Ultimate Tensile Strength/Censity vs.
Temperature for Coated C129Y and

T~le s
DOALE

() Cr-Ti-Si Coated C129Y
(~~~-~=41 Wwsiz Coated T-222

LABORATORIES

Chart No.:
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-320°F (~196°C) 80°F {27°C)) 600°F (316°C)
Bare

-320°F (-196°C) 80°F (27°C) 600° I (316°C)

Vitro Cr-Ti-Si Coated

Figure 80, Cb 752 1/4-20 Bolts Tensile Tested at Temperatures
Shown,
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-320°F

Figure 81,

ﬂ'ﬂ'

(-196°C) 80°F  (27°C) 600°F (316°C)

Bare

il

(-196°C) 8§0°F (27°C) 600°F (316°C)
Vitro Cr-Ti-Si Coated

C129Y 1/4-20 Bolts Tensile Tested at Temperatures
Shown,
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-320°F (196°C) 80°F (27°C) 600° % (316°C)
Bare

-320°F (-196°C) 80°F (27°C) 600°F (316°C)
Vitro Cr-Ti-Si Coated

Figure 82, Cb 752 Shear Strength Specimens Tested at Temperature
Shown,
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Compee o

-320°F (-196°C) 80°F (27°C}) 600°F (316°C)
Bare
|

b AR

-320°F (-196°Cj} 80°F  (27°C) 600° F (316°C)
Vitro Cr-Ti-Si Coated

Figure 83. C129Y Shear Strength Specimens Tested at Temperaturs
Shown,
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Figure 84, Typical 2000°¥ (1093°C) Tensile Specimens
Vitro Cr-Ti-5i Coated,




14 2%

-3200F (-196°C) H0°F  (47°C) 600° F

Bire

“zr ‘§;§§! igg
& &7 -

-320°F (-196°C; 80°F  (27°C) 600°F (316°C)
SiMWSi2 Coated

Figure 85, T-222 Ultimate Tensile Strength Specimens
Test Tcinperatwre and Conditions as shown,




80°F (27°C)

(316°C}
Bare

~320°F (-31,6°C) g0°r {(27°C)
Si/WSiz Coated

600° 1 (316°C)

Figure 86, T-222 Sheay Specimens,

Tegt Temperature
aud Conditiong as shown,




Cl29Y ' !
d%r:k P -
2000°F (1093°0) 2400°F {1316°C)
T.gure 87, Typical Elevalel Tor pevature Axial Fatigue

Tuest Specimens,

2000°F (1093°C)

2400°F (1316°C)

Figurec 88, ‘fyp.cal Elevated Temperature Joint Fatigue
Test Specimens, Boik Ch 752 (Nuts and beads
damaged duringdisassembly.) '
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SLCTION X

DEFORMABLE FASTENLR DEVELOPMEN

Cnc of the initial reguivenaents of thic progra
of the limits of dctorn.ability of the coating substrate systems cvolving
from ceating studies and the subsoguent application of this irformation
to the design and manufacture of a deformable fastener,  Accordingly,
the work pertormed as part of this requircment was divided as tollows:

1 wag tt e deterniination

liansyatiil

A. Basic Deformability Tests on Columbium Alleys (Cb 752) -
Beind Tests, etc,

B. Oxidatiion Tests cn Bead Test Specimens

C. Blind Fastener Desigr Manufacture and Test

1), Basic Deformability Tests on Tautalum Alloys (T-222)

A. BASIC DEFORMABILITY TESTS ON COATED Cb752 SHEET

This work was perfor.ned using 1/2 x2 x(.012-. 030 ) D43 and Ch752 sheet,
The initial tests wele conducied on test pieces coated with Vi.xo's Cr-MoSiz
coating. The bending was performed initially in the "{ree bend" fixture
shown in Figure.89. The first pieces had such low ductiiity that the
substrate cracked with only slight bending, Some additional pieces were
bent by hand around mandrels of varied sizes. Soine cracking eccurred

on pieces bent around a 2-3/8 inch dianieter mandrel, The results of these
tests were as follows, the percent elongation shown representing the
claculated outer fiber strain at maximum bending,

012" Sheet |% Elong, Mandzel Diameter . 030" Sheet |% Elong.

1-Failure 1.0 11/4" diameler 1-Failure 2.3
1-Noa Failure

l1-Failure .6 2" diameter 2-No Failure 1.6
1-No Failure

2-No Failure .5 2 3/8" diameter l1-Failure 1,2
1-No Failure

Fhuotographs of the tested pieces are shown in Figure 90. Bare pieces
tested in the iree bend test fixture are shown in Figure $i, None of these
pieccs cracked,
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1- Start of Test

Figure 89,

4 -
End of Test

Free Bend Test Fixture Showing Bending Sequence,
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Figure 90,

Vitro Coated (Cr-MoSi2) D-43 Bend Test Results,
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- . Cb 752 Material

. 018 Gage

D-42 Material
. 030 Gage

D-43 Material
. 012 Gage

a

Dare Columbium Alloy Siheei, Bent in Free
Bend Test Fixture,
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Samples of Ch752 and D43 coated by Tapeo with their Cr-Ti-Si coating
were tested as follows:

All spccimens were bent using the ree Bend Fixture, The tivst lests
were run using 2' long specimens, All survived the most severe bend,

Additional specimens were prepared with s 1 in, overall length, These
also survived the most severe bond attainable,  All these specinens
cxhibited cxcellent ductility in ihe dDase metal, however, cracks occurred in
in the coating on the tensio:n swdr ! the specimen and most of the coating
spalled off the compression gide, Thye results of these tests are shown in
Figure 32,

Computed elengation for these specirmens shows approximately 50%
elongation at the outer fibers.

Additional samples of D 43 were coated by Vitro using varied chromium
diffusior times, These specimens were chromized at 2500°F for 15
minutes, 30 minutes, and onc hour, These specimens were tested in the
free bend fixture and exhibited some imp.ovement in ductility in the
epecimens diffuscd at 2500°F for 15 minutes, These speciinens arce shown
in Figure 93,

Bend tests conducted on Cb752 specimens chromized at 2500°F for 3 hours
exhibited good ductility,

At this point a program was undertaken at Vitro to investigate the cause
of the embrittlement, The parameters investigated were time, temper-
ature, atmospheric purity and pressure, and alloy composition. The
experimental conditions and results a-  .vw rfzed in Table XLVIL

Photomnicrographs of the D36 in the as-reccived condition and after a 3 hour
nheat treatment in argon and in vacuum are shown in Figure 94. Some grain
boundary contamination is evident in the anncaled, as-received, D36
specimen, This contamination was reduced and ductility maintained by

the vacuum treatment, but contamination increased and ductility was lost
after heat treatment in argon, When the argon was purified in a regenerated
train of hot titanium chips some ductility was retained by the D36 and no
surface discoloration was noted, In subsequent experiments with D36,
chromium was applicd in a purified argon atmosphere (dewpoint «90°F,

O2 N2 <5ppm) for one hour at temperaturcs ranging from 2200° to 2500°}
and in a vacuum of 105 Torr for 3 hours at 2500°F, Wone of these conditions
yielded ductile specimens. The Cb752 alloy, on the other hand, acted quite
differently, Ductility was maintained after chromium diffusion in purified
argou [or one hour at temperatures between 2200 F and 2500°F. A
subsurface band of chromium or columbium c¢hromide is formed in spec-
imens heated at 2400°F and 2500°F,
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EFEFECT OF TIME,

TADBLE X1LV]I

TEMPERATURE, ATMOSPIERLE, AND

CHROMIUM DIFFUSION ON BEND DUCTILITY QF D-36 AND

Cb-752 ALLOY

shronmum| Temnp, Tune
Alloy |Coated®* °r (hrs)] Atmosphere Results
D-3¢ No 2500 3 Argon Slight discoloration, brittle
(13711+C}
Chb-752 No 2500 3 Argon Slight discoloration, ductile
D-36 No 2500 3 Argon** Slightly ductile
D-36 No 2500 3 Arpounkkt D;scolored, Brittle
D-36 No 2500 3 Vacu i Ductile
(10'5'torr)
Cb-752 No 2500 3 Vacuum Ductile
(10" -Lorr)
D-36 Yes 2500 3 VdClEl_UHl Brittle
(10" ?torr)
ND-36 Yes 2500- 1 Argon*¥ Slightly ductile
D-36 Yes 24C0 1 Arpon¥* Slightly ductile
{1316°C)
D-36 Yes 2300 ! Argon*x Slightly ductile
(1260°C)
D-36 Yes 2200 1 Argont* Slightly ductile
{1204°C)
Cb-752 Yes 2500 1 Argon¥*x Ductile
{1371°C)
Cb-752 Yes 2400 1 Argon¥x Duclile
{1316°C)
Cbhb-752 Yes 2300 1 Arvrgon*x Ductile
(1260°C)
Cb-752 Yes 2200 i Argon¥* Ductile
{(1204°C)

* Chromium applied by embedding specimen in 67A1,0,-33Cr bed.
** Argon passed through regenerated purification train of titanium chaps

at

7009C.

*¥*% Argon uscd directly {rom tank,
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Bend Test
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| Figure 92, Cb 752 and D 43 Tapco Cr-Ti-5i Coated Bend Test
Results,
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D 43 Chromized at Various Diffusion Times -2500°F,
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D-36 As-Reccived {400X)

D-36 Held for 3 Hours @ 2500°¥ D-36 Held for 3 Hours @ 2500°F
at 1075 Torr (400X) in Argon (400X)
Figure 94, Effect of Three Hour Heat Treatment at 2500°F )

1in Yacuum and Argen on D-36 Alloy, .
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Thesce experiinernts iudicated that minuic amounts of contaminants in
the argon aivinspiere or the vhromiwm contribute to embritticrment

of Cb 752 aud D36, The (Cb 152 alloy .s, howevey, mach less seasilive
to the effects of these cuniaminants,

Subsequent to the above tesgis, a sot of ten 2 iv, x1/2 in, x0, 030 in,

Cb 752 bend test panels were ceoated with Cr-MoSip in purified ¢ gon
to a thickness of 2. 510, 4 mil and werce bend tested in the free bend test
fixture, The spacimens survived the 120° hend with some substrate
cracking cconrring on bends of 90° or more. Cracking of the coating
occurrcd on ¢he compression gide of vhe bend at 20-30% of bend, The
coating on the tenslon side cracked at approximately 90° of bend but
continued v adnere to the substrate, lypical specimens are shown in
Figure 95, :

Following completion of the cleciraphoretic adaptation of the Tapco
Cr-Ti-S1 coriing (See Scction VI a2 rel of bend specimens was coated

wilh that coating 2ind bend tests were performed,

The bend test specinwens survived the 180% bend with no significant

‘gubstrate <racking.  The coating spalled off the compression side at

approximaseiy 20" of bend, Cracks developed in the coating on the
tensic: side 2t 120° bend, but the coatiuyg remained in place through the
c:omplet_:e\_;SVQ"?_}_J_e_g:..c_IE. . f‘I‘:‘,'picaAl_ _gpeciir‘gc’;.zg,_a.re_ shown in Figure 96,
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Figure %o, Dend Tests on Vitro Cr-Ti-Si coated Cb752,




B, OXIDATION TESTS ON DEFORMED SPECIMLNS

Ii order te determine the degrec to which oxidation protection is
impaired by deformation,several tests were conducted using Vitrae
Cr-~T:i~8i coated Cb752 sheetl specimens, These specinens wele
bent in the frca bend test fixture then heatzd to 2500° F in static
air. The results of these tests are shown in Table XLVill and
pictures of the specimons are shown in Figures 97, 96 and 99,

Examination of the results reveals the {allowing:

1. 1he 25CC¢F oxidation resistance of the compression sido
of beuds is poor once the overlay portion of the coating
has been removed,

2. The slight cracks which occur on the tension side of the
cvating under bending are not self-healing at 2500° L,

3. The 2500°F oxidation resistance of the tension side of
modcrately deformed sheet is considerably better than
~that eof th‘eh‘clompression ‘side.
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Figure 97, Specimen fil - 180° Bend ~ 2 hrs, at 2500°F
Vitro Cr~Ti-Si coated Cb 752,

Compression Side Tension Side

Figure 98, Specimen #2 - 75° Bend - 2 hrs, at 2500°F
Vitro Cr-Ti-Si coated Cb 752,

Compression Side Tension Side :

Figure 99. Specimen #3 - 20° Bend - 4 hrs, at 2500°F
Vitro Cr-Ti-Si coated Cb 752, :

e Iy e

S,




L .

[ LI

preprives k!

RO e i

Following the cowmpletion of the sheet metal tests, cylinders of
Cbr52 were manufactured to tne tollowing dimensions, .21iu
1Dz, 262 ODx, 50 long, These were coawed with Cr-7i-5i coating or
with Cr-T1i omitting the giliconization treatment, A few of cach
were oxidation tested at 2400°F in static zir in the as coated,
undeformed condition. The remainder of the Cr-T1:-Si cuated
picces were flared to various degrees by incerting to various depths
a mandrel with a 20° point angle and a highly polished surface,
Permanent deformation was measured by change in diameter at the end
of the cylinder after removal of the expanding tool, The expanded
cylinders were then oxidation tested at 2400°F in static air,

\
The results were as follows;

1. The oxidation tests on as coated cylinders resulied iu the
following:

a. Cr-Ti coated cylinders {failed in less than one hour,

b. Cr-Ti~Si coated cylinders failed in 24-41 hours and in
41-64 houxs.

2, Deformation tests produced cylinders with , 007, . 011,
.013 and , 015 increase in outside diameters, Some
ceating zpalled off in all cases. Expansion beyond this

point produced base metal splitting.

3, Oxidation tests on deformed cylinders resulted in all
picces failing through oxidation inl-2. 5 hours,

Photographs of the above specimens are shown in Figures 100 and 101,
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24-41 hrs, 41-64 hrs,

Figure 100, Vitro Coated Cb 752 Defermation Cylinders
Oxidation Tested at 2400°F as Coated, Unde-
formed, Times to failure indicated.

.077 011 .013 .015

Figure 101, Vitro Coated Ck 752 Deformation Cylinders
Oxidation Tested at 2400°F after Deformation,
Ends expanded to permanent diameter increase
as shown. All failed in 1-2, 5 hours,
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C. BLIND FASTENER DESIGN, MANUFACTURE AND TESTING

Some hope was revived for a defermable blind fastener with the
discovery that a somewhat successful patch technique had been

used on Tapco Cr-Ti-Si coated Cb 752 assemiblies by the Martin Co.
The possibility therefore arose that the deformable portion of a
fastener might be coated with this patcn material then deforiined while
the coating was wet, While this patch coat was not expected to equal
the oxidation protecticn of the remainder of the fasgtener, the area in
which the deformable portion is located would probably unot be sub-
jected to the extreme environmental conditions and may therefore
pesferin satisfactorily,

A few prototypcs were coated with the electrophoretically applied
Cr-Ti-Si coating and installed using the MoSi2 + Synar Binder + H3PO4
patch coat, Some degrec of success was attained; however, several pro-
blem areas existed,

Aniong the problems were:

1. High friction between mating surfaces during installation
causes high variable torque for deformation, Since torque
is the best available indicaticn of complete installation, a
problem in deterniining whether the deformation is com-
plete exists,

2. As coating cracks and comcs off the substrate during de-
formation, it takes some of the patch with it, thereby leaving
areas with only diffusion zone protection,

3. Tension required {us deformation may damage the coating on
the threads.

[EERUOT

A modified configuration of the deformable fastener was chosen for the
continuation of the test program, Several parte were manufactured
from Cb 752 rod. These were then coated with the electrophoretically
applied Cr-Ti-Si coating, No special effort was made to ceoat the inside o
of the fastener since previous tests had shown that thin coating layers :
had less tendency to ¢rack and would most certainly provide lower in - 3
stallation torques, ‘

A drawing of the {inal configuration is shown in Figure 102,
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These fasteaners were tested as follows:

1u order to reduce installation torques to an accepiable level, two pieces

were prooxidized at 2000°F for 15 miinutes, Premature failures occuvrred

on the inside of the fastencrs. Three pieces were installed at room
temperature in cylinders of coated Cb 152, Complete spalling of the
coating occurred and the deforming arca cracked with only slight defor-
mation,

Attempts were then made to install a few pieces at elevated temperatures,

These were heated to 1200-13060°F by induclion then installed in cylinders
before the temperature had dropped to 1000°F. No improvement in the
deformability of the coating or the substrate was noted.

At the completion of the above tests, the following problems were still
seen tO calst:

1, Deformability of the Cr-Ti-Si coating is virtually nou-
existant.

2. Embrittlement of the substrate by the coating makes
reproducible deformation difficult to attain.

3, A slurry patch coat.ng applied to a deforimable fastener
immediately prior to installation does not reduce the
tendency of the ceating to spall,

4, Heating within practical temperature ranges prior to
installation does not improve the deformability of the
coating and climinates the possibility of installation
with a wet slurry of patch coating material.

5. Because of the rough nature of the ceating, torques
required to deform a blind fastener are excessive and can
cause severe damage to the coating,

6. The manufacture and installation of a bare deformable
fastener is possible in a wide variety of configurations
and these may prove useful in an application where post
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D. BASIC DEFORMABILITY TESTS ON COATED T-222 SHEET

Samples of T-222 sheet were coated with the WSi2 coating and bend
tested to determine the relative ductility of WSi2 compared to the
Cr-Ti-Si coating on columbium alloys, When thege pieces were bent
over a 1 1/4' diameter cylinder all coating on the compression side
of the bend spalled off in large sections. The tension side of the bend
did not spall off, but did exhibit numerous small cracks. A photo-
graph of some of the test pieces is shown in Figure 103,

By comparison with the c¢riginal tests conducted on Ch752 sheet Cr-Ti-Si
conated, the spalling described above is more severe, indicating that

the probability of achieving success with a tantalum alloy deformable fastener
was less than that of achieving success with the columbium alloys.

Therefore, no further effort was expended on the development of a
tantalum alloy deformable fastener,

Figure 103, Bend TestSpecimens of WSiz Coated T-222,
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SECTION XI

DISPERSION STRENGTHENKYD METALS

T

A. OBJECTIVE AND BACKGROUND

The Dispersion Streagthcned Metale portion of this program originally
incorporated the following two principal objectives:

1. Manufacture and test two materials i three fastener configurations;
flueh head bolts and two blind or serni-blind types. The testis
were to consist of tensile, shear, and creep on fasteners and
bend and impact on specimens,

2, Determine the compatability of the dispersion strengthened
metal fasteners with coated columbium parts; exposc assemblies
containing representative materiaic to elevated temperatures
and observe any reactions ov interactions.

At the start of the program the orly dispersion strengihencd metal
commerciaily available was TD Nickel, While this material possesses
moderate oxidation resistance to 2200° F and retains 7 - 10 Ksi ultiinate
strength at 2400°F, it doecs not possess acceptable low temperature
strength nor does it possess the required oxidation rezcistance to 2400°F,

For this reason DuPont, Curtiss-Wiright, and Vasco Metzls were
contacted, and all expressed ana interest in supplying moere advanced
materials for the program. Accordingly the following actione were taken:

1. Vasco Metals - An order was placed for 10 feet of Ni-15% Mo- ThO3,
The material was to be made and extruded at New England
Materials lLaboratory and finished by Vanadium Alloys Steel Cc.
prior to its shipment to Standard Pressed Steel Company.

The first material produced was not of acceptable quality and was
scrapped prior to shipment.

A subsequent attempt produced material which Vasco Metals

considered acceptable and this material was finished and shipped
: to Standard Pressed Steel Company. Twenty 1/4-28 hex head
bolte were manufactured with forged heads 2nd rolled threads,

These were fluorescent penetrant inspected with the result that

six pieces were rejected for cracks and open seams in the threads
: underhead fillets, and in the head., The acceptable pieces were
tensile tested at both room temperature and elevated temperatures
as discussed in Section C,

v
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2, Curtiss-Wright - An order was placed with Curtisg-Wright
for 100 feet of . 270 diameter thoriated nickel-chromium.
Approximately 75 feec of this inaterial was shipped to Standard
Pregsed Steel Company. Forty bolts were fabricated and
preparecd for testing. Prior to the start of clevated temperature
testing, Curtiss-Wright notified Standard Pressed Stcel Company
that the properties of the material were not satisfactory at
temperatures of 1800°F and above, Consequently no clevated
lemperature mechanical precperty data on this material is reported,
The room temperature tensile strength was 154, 000 psi,

2, DuPont - The Metals Department of DuPont supplied a research
sample of TD Ni C (TD Nickel-Chromium) 54 inches long and
.270 inches in diameter at no charge, This material was used to
fabricate 1/4-28 bolts which were subsequently tested atroom
teruperature and at several elevated temperatures.

B. TEST PROGRAM

Tensile tests were conducted on the bolts described above using TD Nickel
nuts which were available from a previous, Standard Pressed Stcel Ca,
sponaoved, TD Nickel program, The fixtures were similar to those
described in Section VIII except that they were made of TD Nickel, The
results of the tenaile tests are contained in Table X1.IX and photographs
of untested parts are shown in Figure 104,

A comparative oxidation test program was conducted on the four matcrials
(using TD Nickel as a standard). Finished rod material specimens,

"1/4 in, diameter by 1/2 in. long, were exposed to temperatures of 1800°F,
2000°F, and 2200°F in static air for 100 hours, Periodic weight checks
were made for weight change data throughout the 100 hours, The data are
plotted in Figures 105, 106, and 107 and photographs of rcprezentative
specimens are shown in Figure 108,

It is significant to note that the weight gain of TD Nickel shown by the data
is also evident in the photographs by reason of a glass-like coating
formation. The high weight loss expcrienced by Vasco's Ni + 15 Mo + ThO
is also evident in the photograph by the flaking oxide which is apparent.

The thoriated nickel-chromium from both Curtiss-Wright and DuPont
exhibits a tightly adherent thin greenish-black oxide film, The slight
weight logg experienced by the TD Ni C aund ihe Curtiss-Wright thoriated
nickel-chrorie is apparently due to the volatilization of part of the oxidation
products,

Since the amount of v seful material was severely limited, the complete
test program desired could not be conducted.
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TENSILE STRENGTH OF DISPERSION
1/4-28 HEX HEAD BOLT

TADLE X

1Lix

STRENGTHENLED
s

Muaterial
Teat
Tempe rature DuPont TD Ni C Varco Ni-Mo-ThO2 [ Dulont TD Nickel
oF °oc | psl N/cm? PSL N/em? | PsI Nfcm? |
80 27 145 000 | 100 €00 i10 009 b 700 77 500] 53 400
1600 870 35 200 z5 300 - -~ - .- - -
1800 982 23 700 16 350 10 500 7 240 14 500 ] 10 000
2000 1093 16 800 11 600 5 500 3 790 10 600 T 300
2400 1316 8 120 5 600 -~ - - - - 4 700 3 240
L A
, RN SR .\"
205

- I A L a7 s A sn) sl L L.
T TP SR o N Y T R Y R N N O N A




DuPont - TD Ni C

Curtiss-Wright - Thoriated
Nickel~-Chromium

Vasco - Thoriated Ni-15% Mo

Figure 104 Dispersion Strengthened Metal Bolts,
1/428, Untested
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Figure 105. Oxidation Rate for Dispersion Strengthened Metals
] Tested at 1800°F (982°C) in Still Air
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METALLCGRAPHY

Throughout the course of this program certain metallographic studies
were carried out to determine:

a.

b.

c,

Conformance of materials in the as reccived condition to the
requirement that they be 100% recrystallized following final
reductions at the mills,

Csneral characteristics of the as received microstructures.

Effect of the coating process on the microstructure,

Specimens of the three representative materials were examined in the
as received and as coated conditions, Tranverse and longitudinal
gections were examined in each case,

Photomicrographs of the pieces examined arc contained in Figures
109 through 114.

Study of the microstructures reveals the following:

1,

All materials were 100% recyratallized when received from the
material suppliers, They therefore all fulfilled the recyrstallization
requirement set forth in the survey conclusions.

No significant change in grain size or other microstructural
characteristics occurred in the columbium based alloys during

At i wvra

+L . ~e o
Vil COGLINE piocess.

A considerable increase in grain size occurred in the T-222
during the coating process,
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Figure 109 Microstructure of Cb752 in the As-Received Condition -

Mill Recrystallized
Etchant: 48% HzSO4, 48% HNO3,
4% HF, Imunersion
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Figure 116 Microstructure of Cb752 in the As Coated Condition
Etchant; 48% H,SO4, 48% HNO3, 500X
4% HF, Immersjon




Longitudinal

Transverse ;

Figure 111 Microstructure of Cl29Y in the As-Received Condition -
Mill Recrystallized
Etchant: 48% H;S04, 48% HNO3, 500X
4% HF, lanmersion
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Transverse

Microstructure of Cl29Y in the As Coated Condition
Etchant: 48% Hz504, 48% HNO3, 500X

4% HF, Immersion
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Microstriuctore of T-222 in the As-Received Condition -

Figure 113
Mill Recrystallized
Etchant: THyF + H20, Immersion 500X
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Figure 114 Microstructure of T-222 in the As Coated Condition
Etchant: NH4F + H20, Immersion 500X
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SECTION XIIL

The following cenclusions were reached on the basis of the
results of this program:
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1. The electrophoretic coating process is readily
adaptable to the application of a variety of coating ;
compositions on threaded fasteners,

+ ey o B e

2. The tolerance control attained by electrophoretic
deposition coating is superior to auy heretofore
applied to fasteners. The control attained permitted
the maintaining of complete interchangeability of 5
parts with tolerances equivalent 1o thoss apnlied
to precision high strength aircraft fastenervs. !

L

—t

3., The electrophoretically applied Cr-Ti-Si coating
possesses properties comparable to those of the
pack applied Cr-Ti-5i coating,

AL

byt

4, The survival potential of coated refractery alloy
fastener systems is not impaired by the use of a
truncated thread form on the intcrnally threadel
me nber,

hb It

50 T

5. Oxidation resistance of Cr-Ti-Si coating is escentially
the same on Cb 752 as it is on C129Y., An exception :
lies in the partial pressure behavior, the Cb 752 expericucing '
some degradation of the coating at 2000°F or 2400°F a.d
1 torr or 10°2 torr. The C129Y experiences no
noiicable degradaiion ai ihese iemperailure and pressure '
levels, Preoxidation of the coating prior to partiai
pressure exposure contributes to the degradation, but
is not an essential requirement for degradation,

Partial pressure degradation of precuidized Si/WSi;
coating on tantalum alloy is signific2.al to temperatures

as low as 2200°F at 1 torr and 10'“2mrr. The result of this :
degradation is the reduction of 240¢°® ¥ static oxidation life b
to the levels attainable by this systern without preoxidation,

:
g
}
1
: .
}
|
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7. It is not feasible at this time to produce a coated de-
formable fastener because of the :imitations imposed
by the ductility of present coatingrs,
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The tightening torque which may be applied tu coated
fasteners is limited to approximately 50 inch-pounds
to the lack of ductility in the coating.
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Threaded fasteners may be removed and reused aftex
exposure at up to 2200°F. Buyond this tewnperature
chipping of the coating occurs on reinoval and reusability
is not possible without 2 repair cperation on the coating,
At 2600° and above, fusion of the coating produces
sufficient resistance to removal that shearing of the bolt
generally occurs,

The program has helped to answer many questions and to make
refractory alloy fasteners more usable however, many

guestions remain to be answered, The limited investigation
conducted on dispersion strengthened metals indicates that

further effort is certainly warranted in order to explore and detex -
mine their full potential, .




APPENDIX I

SURVEY

A. REFRACTORY ALLOY USERS SURVEY
1. General Review of Information Sought

" . The following companies were s' rveyed for comment on their
{uture refractory fastener requirements:

S z “Astronautics Division of General Dynamics
I Boeing, Seattle
it Chance Vought, Dallas
_"‘“"f.:t;-;.(_;onvair, Fort Worth
T [,Douglas, Santa Monica
Lockheed, Falo Alto
Martin, Baltimore
Marquardt, Van Nuys
McDonnell, St. Louis
North American, Downey
Republic Aviation, Farmingdale.
The major programs whicn are currently utilizing coated re-
fractory metal structural fasteners in research vehicles or
in test structures are :
ASSET at McDonnell Aircraft
DYNASOAR at Boeing
SLAM at Chance Vought
Foil Gage Heat Shield Panels at Bell Aerosystems Co.

Columbium Alloy Test Panels at Martin Company, Baltiniore

High Temperature Fastener Program at Republic Aviation.




a

Threaded fasteners for use in these programs have been
fabricated from molybdenum and columbium alloys in sizes
up to 3/4 inch diameter x 4 1/2 inches long, and various
types of rivets have been investigated in sizes up Lo 5/16
inch diameter.

BRecause of the diversity of background, requirements, and
approach to the problem, several questions were asked of each
firm to get on a common ground. The questions to each of

the user companies were:

&. What was the choice of
a. molybdenum baged alloy?
b. columbium based zlloy?

c. tantalum based alloy?

b. Would these alloys be used in the recrystallized
condition?

c. What coating is preferred on each of the above-
mentioned alloy systems?

d. How did coating fit into the construction process?
e. Were sections recoated?
f. Were patch techniques anticipated or used?
g. What was the choice of fastener
1. threaded?
2. locknuts?
3. thread form?
4, rivets?
5. deformable klind and semi-blind?
6. Unique or other special fasteners?
k.. Whai were installation considerations?
i. What were the main design criteria for the structure?
J Vhai temperature ranges were anticipated on the

fastensrs?

222

X




P‘I

| g~

o g s

e

e

oAt . ot . 0
I.llt'l\-’ UL LUV MLY &l |

ne
W

1. What atmospheric pressure considerations are made
in designing the joint?

m. What non/refractory materials were in the joint?
n. What are the other compatibility problems?

o. What are current plans for fastener reusage?

P Are current tolerances sufficient?

Not all companies were in position to answer all these and other
questions at the time of the survey, but a good deal of informa-
tion was compiled.

Materials

Surprisingly, most of the companies interviewed had no strong
feeling on alloy selection. The choice of TZM in molybdenum
based alloys was unanimous with everycne who expressed an
opinion. The first choice in columbium alloys was Cb-752
which was mentioned by everyone having a choice. Two of

the companies had no particular columbium alloy preference

at this time. The second place columbium alloy was B-66 which
was named by four of the ten as their first choice. After Cb-752
and B-66 came D-43, C-129Y, and FS-85 in that order. Only
two companies were ready to mention a tantalum alloy, 90 Ta-10 W
and T-111.

Mosi of those surveved said thai the recrystialiized mechanical
properties would be used in determination of design allowables,
Nc one was firmly against this,
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The accumulated comments of all parties are listed below:

Molybdenurn Columbium Tantalum Recrystal-
Compaay Alloy Choice Alloy Chelice Alloy Choice lization
Astronautics None B-66, D-43, Cb 72 None Yes
Boeing TZM Cb 752, C129Y Not ready Yes
Chance Vought TZM D-43, C 129, Cb 752, Will use Yes
B-66 tungsten first
Convair Not ready B-66, D-43, Cb 752, Not yet made Yes
FS 82
Douglas TZM B-66, FS 85, No choice Not
Cb 752, C 129Y decided
Martin TZM D-43, C 129Y T-111 If forced
Cb 752
Marquardt No choice Ne choice No choice No choice
McDonnell TZM Cb 752, B-66 90-10, T-111 Yes
D.43, FS-85 Ta-30 Cb-7 1/2V
North American No No No Yes
preference preference preference
Republic Will not B-66, Ch 752, No Yes
use C 129 Preference

While the Lockheed facility at Palo Alto was included in the survey,
they have no products and therefore no preferences in hardware.
Their work is primarily aimed at determination of the basic
mechanism of coating oxidation and failure. For these reascns
they were not included in the breakdown lists,

The choices above were not as decisive as they appear. The

Boeing selections of columbium alloys were based on availability rather
than technical considerations. McDonnell lists TZM as the choice

of molybdenum alloy, but their intended usage is for above 2600° F
only. The McDonnell usage of materials versus temperature

range is;
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1, Ceramics above 3000°F
2. Tantalum based above 3000°F
3 Molydbdenum based to 3000°F
4. Columbiumn based to 2600°F

The McDonnell columbium alloy selections were based on strength.
Martin, Baltimorec took the economic approach to refractory
fastener design. Their choice of fasteners for their Test Panel
Program is predicated on the cost of the raw material. For this
reason Martin has considered TZM fasteners in the columbium
sBtructure. Also, C 129Y rates high with them because this alloy
has been quoted at 60% of the cost of the other main second
generation columbium alloys.

The Republic Aviation chdice in columbium alloys was some-
what qualified since they preferred the C129 for the high temp-
erature ranges (2600-30000 F). Republic did not intend to use
coated molybdenum based alloy fasteners in future structural
work.

While Astronautics Division of General Dynamics had a pre-
ference in co’umbium alloys, they had no immediate plans to
use any refractory alloy fasteners.

The selecticns of Chance Vought, Convair, and Douglas were based
on future work. Marquardt had no choice because the bulk of
their refraciory structures were in bare tungsten alloys,

The North American engineers had no particular preference
because they felt that refractory fasteners are coating critical,
and that most coatmgs 1mpart such grea. property loss that

Coatings

Probably the strongest indication received from the users was that
they preferred their own proprietary refractory coatings. Three

of the firms contacted had coatings and others were working on

their own coatings. Most felt that today's coatings were not sufficient
and that future fastener coatings would be tailored more toward

the exact application. Answers to direct questions were:

Preferred Coating

Company Mo Cb Ta Usage Comments

Astronautics None Tapco None

Boeing Boeing Boeing Boeing 'Have not run compati-
bility with other
coatings




Preferred Coating

Company Mo Cb Ta Usage Comments
Chance Vought Chance Vought Wants coated fasteners
' to be post-coated in
siruciure
Convair None Tin- None  Want 4lurry coating
Aluminum
Douglas None Tapco None
Martin None Tapco None Any other coaiing should

be co:npatible with Tapca

Marquardt None RDurak B Nomne

McDonnell None None None Prefer LB-2 slurry
which they put on them -
selves. Want to see
new coatings

North American North American NAA coatings causes no
loss in properties. Pest
condition under 2000° F

Republic No prefi{rence Want smooth coeatings.

Use coated fasteners, re-
cocat structure, theu patch
critical areas,

All the comparnies with their own coating 2xpressed intentions to
buy uncoated fasteners. For the most purt the remaining com-
panies preferred to purchase ccated fasteners. For the meast

part even companies which showed a preference are not completely
firm on fastener coating so long as fastener coating is cornpati-
ble to struciure coating.

The bulk of the people contacted want coated fasteners which will
be recoated after installation. Heads, nuts, and bucked poriions
of rivets will be patched and coated by most of the participants.

Fasteners
Everyone contacted had guite a bit to say about fasteners. Threaded

fasteners were most popular with everyonc having a certain amount
of plans for them. Nine of the ten wanted rivets. The deformable
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blind and serni-blind fasteneie were more controversial.

anf ¢
WA &

he comipanies wanted them while two would not use them. The

Five

design philosophy varied from using deformable fasteners from
minimal load (20 pounds) to the full strength of the material.
Locknuts were wanted by rnost companiea, bur the inherent
difficulties were recognized. Spuocific fasterer requirements were:

Threaded Defarmable
Designs Thread Size Designs Special

Company Regquired Form Range Required Consgiderations

Astronautics None None - None None

Boeing Hex heads Boeing spec. #10- Rivets only. To drive in

Flush heads (equal root & 3/8 Will not use flush heads.
Nuts (no lock) crest). Flat deformable
Dome nuts internal crests or breakoff
acceptable. types.
Chance Hex & No choice to 3/8 Rivecs. Are now using
Vought flush Would use own design of
heads. good ones. shear pin.
Loclnuts.
Convair Hex & No choice No No
flush choice comment.
heads.
Nuts.
Douglas Hex & No choice No Will use PLI
flush choice any washers
heads, considered.
Nuts,

Martin Hex heads. Coarse pre- 3/16 Rivets. Want
Point drive ferred. No & Expilosive locking
bolts. Smooth other 1/4 rivets. device.
flush hzads. choice
Nuts (locking).

Marquardt No choice No choice  No cheoice Rivets &

blind parts.

McDonnell Hex & flush Fine #10~  Any blind Will use jam
heads. Dome thread, 1/2 part. Rivet nuts if must. Want
nuts, Lock- 65% upset at stamped parts.
nuts. Plate version room tenp. Quick disconnect
nuts. fastener
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Company

North
American

Republic

Threaded Deformable

Designs Thread Size  Designs Special
Required Form Range Required Considerations
Hex heads. Standard- Rivets

Flush heads. ized blind

Nuts. coarse

Flush heads. Coarse Rivets Clips

Hex heads. 65% blind

Nuts. bolta

Acstronautics, Lockheed, and Marquardt had no particular
fastener requirements at that time, Marquardt did have
future requirements for blind-type fasteners, but probably
of a tungsten alloy.

Convair and Douglas had no present refractory structural program,
but were in the concept stage of future projccts. They had no firm
requirements at that time.

Boeing was making use of more or less standard threaded fastener
configurations in the Dynagsoar effort. Their engineering evalua-
tions had shown no need for locking devices as the coating itself
acts as a lock. This is most particularly true after elevated
temperature exposure. Boeing did not consider jam nuts at that
time. Th: feeling at Boeing was quite negative on deformable type
blind fasteners. They considered any effort expended as wasted.

Chance Vought had incorporated fasteners in their structural
program. They had difficulties in the bucking of molybdenum

based alloy rivets. For this reason they had reservations

cn rivet usage. One interesting design unique to Chance Vought was
a threadless shear pin held in the joint by a cotter pin.

Martin Co,, Baltimore expressed a desire for alinost every
type of fastener, The first attempt at a semi-blind fastener
combination was the point drive bolt with a sinooth countersunk
head and a conventional threaded nut, The Martin desire for
explosive rivets was the only one encountered in the survey.
The engineers at Martin did indicate a strong interest for a
locking device ot some type,

The only company showing a preference for the fine thread series
was McDonnell. They did express a willingness to go along with

228

R e 3

i st ot e e e v rmen

S




e e, w AR P -‘vrw-um-lﬂmmm.

;

any industry standards. A preference was stated for some type
oi locking device on either member, They had had previous bad
experiences with coated Jocknuts which lost locking torque aiter
one or two applications., McDonnell wanted to use both threaded
and blind ifasteners to their maximum capacity, A quick dis-
connecting coated refractory fastener would be used at McDonnell,

Neorth American had successfully used deformable type blind bolts

in their previous refractory structural effort, They were very much
interested in deformable fastenecrs, They were in fact replacing

spot welds with coated refractory rivets., Here again, North American
was very interested in thread standardization,

The future usage at Republic Aviation fell in line with other

people's thinking. They wanted to design around deiormabie

type fasteners, but when forced to use them they would minimize

the load to 20 - 50 pounds. During the course of the Air Force
contract on "High Temperature Fasteners' Republic had decided

on the 65% rounded refractory thread form. They did not have a long
range commitment to any thread form.

Temperature and Atmospheric Conditicns

The most popular temperatures were all under 2500° F. The
discussion of temperatures at 3000°F and above was all in the
future, and no firm commitment could be made at this time.

Many of the companies desired to use coated refractories at
temperatures of less than 2000° F. These people would all
like to see oxidation testing in the lower ranges because of the
pest condition prevalent with some of the coatings,

The latest studies showed that coating breakdown is accelerated
with lowered pressure. For this reason the consensus of
opinion was that partial pressure studies should be added to the

program tc get meaningful data.

Some of the opinions of the survey participants were:

229

: mﬂ...k.m_......u_ln I

ekl




- am - =
QOperating Temp. °F
for Refractory Fasteners
Company Max Min Atmospheric Pressures !
Boeing 2700-1/2 hr .5 torr-3000°F - 40 min.
Chance 2300 1400 Partial. See Lockheed study
Vought
Convair 2306-Mo
2000-Cb No comment
-1 -3 -10
Douglas 2400-1/2 hr 1400 1074, 1077, 10 torr
Martin 2450-Cb, Mo 2000 No cormments
30600-Ta
McDcnnell 3000 1400 Room ta:
3000°F-30 min-70 micron
then:
1400°F-30 min-11 torr
North 2500 2000 Partial pressures
American
Republic 2400 1000 No comment
Astronautics, Marguardt, and Lockheed personnel had nothing
direct to contribute because they did not have refractory fastener
requirements. Lockheed did have a basic study (23) in which
the mechanism of coating failure was being studied, This could

have been generally applied to fasteners, but fasteners had no
direct part in the program,

The 2700°F-1/2 hour condition mentioned by Boeing was a static
air, ambient pressure test for coated fasteners. The 1/Z2 mm of
mercury test was an evaluation of the coating whether on fasteners
or other structures. This was a test to meet specific Boeing re-
guirements. The feeling of the people at Boeing was that partial
pressure studies should be added to the program to get usahle data,
While Chance Vought and Douglas had had no trouble with fasteners,
their interest in the Lockheed studies led to their separate requests
that partial pressure studies be added to the program.

The low pressure, high temperature cycle referred to by McDennell
was a test that duplicates flight conditions, These peopie felt that
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temperatures lower than 2000° F should be thoroughly investigated,

Repubhc kad a couple of temperature ranges of interest under
2000°F; these were 1500-1600°F for 100 hours and -423°F.

6. Applications
The information received here was both extensive and varied, Five
companies expressed the desire to retighten the nut.and bolt
combinations as much as one hundred {100) times without 1mpaxrmg
oxidation resistance. In addition, most of these same people
vranted ten (10) to one hundred {(100) missions at maximum tempera-
ture exposures. One company will not reuse fasteners.
Installation of all fasteners with existing tooling was high on the
list of desirable features. Each company had its own comments
peculiar to in-house procedures,
Some direct requirements were:
Temp. Room Compatibility
Exposure Reusability  Coatings and
Company Number Number Materials . General
Astronautics Tapco coating
Boeing Nene None All refractory coat-
ings. Boeing Disil
especially.
Super alloys
Chance Unspecified Vought coating
Vonght
Convair 10 Unspecified Might use ablative
fasteners
Douglas Unspecified Tapco
Martin 100 100 Tapco
Haynes 25
Hastalloy
McDonnell 10 ' 'Unspecified Lb-2 - Need resistance to
high torque.
Water or acetone as
tightening lubricant.
231
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Temp. Roomn Compalibility i

Exposurc Reusability Coatings and
Company Number Number Materizle Geueral j
North None None NAA coating f
American Super alioys ‘ ] ?
’
Republic 100 100 T. D. Nickel Coating should ,
Gaseous hydregen prevent gas g

. Most of the companies that had unspecified requirements felt that
S they were necessary, but that they were not ready to specify exact ‘
oo limits. o :

Boeing and North American felt that refractery alloy fasteners _
cculd not be reused, neither after tightening at room temperature, -
nor after elevated temperature exposure. Ail the others would '
.expect reusable fasteners out of the program. ' o R !
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REFRACTORY ALLQOY PRODUCERS SURVEY

The ultimate selection of refraciory alloys to be used was bascd
primarily on the requirements of the end item users and the desires of
the Air Force based on future needs. Several materials vendorsa were
surveyed, however, to determine such factors as new alloys, availability
and price of established alloys, and working specifications. There was no
attempt to conduct a mechanical and physical property study during the
survey, as most of the intended fastener users are up to date already
The material suppliers contacted during the refractory alloy survey were:
Armetco Inc., Wooster, Ohio

Asgtro Metallurgical Corp., Wooster, Ohic

Climax Molybdenum Co. of Michigan

E I duPont de Nemours & Co.(Inc. ), Wilmington, Delaware

Fansteel Metallurgical Corp , North Chicago, Illinois

General Electric Co., Cleveland, Ohio

Kawecki Chemical Co., Boyertown, Peunsylvaania

National Research Corp

Stauffer Metals Division, Richmond, California

Sylwania Electric Products Co, . Towanda, Pennsylvania

Union Carbide Steilite Co., Xokome, Indiana

Wah Chang Corp , Albany Oregon

Westinghouse Electric Corp , Blairsville, Feansylvania.

1. Molybdenum Based Alloys

There had been no recent advances in molybdenum based
alloys which were immediately pertinent to fastener manu
facture. The alloys Ma-.5 Ti and TZM (Mo-.5 Ti-. 08 Zr)
appeared to be the best for fasteners. These were readily
available with a certain amount of shelf stock, a price list,
and various specifications written by both vendors and
customers. The TZC alloy (Mo-1.25 Ti-, 3 Zr-.15C) was
still a develupment item.
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Columbium Based Alloys

As a result of interest exhibited by aircraft companies,
detailed information was sought on only tive columbium base
alloys, Cb 752 (Cb-10W-2.5 Zr), B-66 (Cb-5Mo~5V-1Zr),
D43 (Cb-10W-1Zr~,1C}), FS 85 (Cb-11W-27 Ta-,8Zr), and
C~129-Y (Cb-10W-10Hf-.4Y). Surveys by other organizations
have also included Scb 291 (Cb-10W-10Ta) and AS 55
(Cb=8W-1Zr-. 7Y) in the classification of "second generation"
columbiuin alloys. Recent noteworthy developments were the
elevation of duPont's experimental alloy, X-110, to 2 com-
mercial status as D43 and the improvement of Wak Chang's
C-129 by the addition of yttrium. Of course, nuinerous
older columbium base alloys were readily available, but they
were of little interest as high strength fastener material.

Of the five columbium allnys of interest, only the Stellite
Division of Union Carbide Corporation had a complete,
detailed specificatinn for bar and rod stock of its Cb 752

-~ allpy. Even this was a tentative specification. Some of the
- alloys had specifications for sheet material only. Generally,

the suppliers were willing to meet any reasonable special re-
quirements. In order to have a commmon ground for com-

parison purposes, a brief tentative specification for columbium

alloys was prepared at SPS, This specification accompanied
requests for quotes on price and delivery of representative
amounts of the alloys of interest.

Tantaluny Besed Alloys

‘Because of the relative newness of tantalum alloy development,

the attempt in this program was te delay as leng as possible

any final decision on a tantalum based ailoy. Some information

wag sought from suppliers, but this will not be the last because
of constant develcpment, Alloys immediately available were
Ta-10W (90-10) and T-~111 {Ta-8W-2Hf). In developmeut are
Ta-8W-2Re, Ta~5W-2.5 Mo, Ta-10W-2.5Mo, Ta-17W, Ta-
9.6W.2.4 Hf-.01C. It was reported (1)* that Ta-30cb-7.5V
alloy has had difficulties because of vanadiu:n segregation.

234




. ,_h* v '
C. REFRACTORY ALLOY COATERS SURVEY

-

_ .. =1 T™_ .. Ty L A
Gcncrd.x [EVICW U1 [leyullrcijieials

At the inception of this program, the following individuals and
crganizations were visited or contacted to determine current
and future requirements for coated fastenars and comments
regarding potentially useful coating compositions:

Thompson Ramo Wooldridge, Inc,
Chance Vought Corp.

McDonnell Aircrait Corp.

Boeing Co.

Atomics Internatioanal

Solar
Chremizing Corp.

IITRI

R. Jeffreys
W. L. Aves, K, P. O'Kelley

C. W. Neff, R. E. Jackson,
J. D, Culp, D, Grimm

J. Stacey, D, Honebrink,

R. Gunderson, C. Boese

J. P. Page, G. V. Sneesby,
E. V., Kleber

A, Stetson
M. Commandy

J. Rausch

The areas of information which were discussed included:

1. Current programs involving coated refractory alloys.

2. Coating requirements (time, temperature, pressure, flow).

3. Coating chemistries and application techniques.

4. Coating problems peculiar to structural fasteners.

un
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This section summarizes the comments of these individuals as
well as the author's opinion of some of the factors to be con-
sidered in the choice of refractory alloy-coating systems for
usc¢ as structural fasteners. . '

The objectivc of this survey was to determine which of the avail-
able state-of-thc-art coatings for molybdenum, columbium, and
tantalum alloys offered the miost promise for application to
threaded fasteners by means of the electrophoretic technique.
The survey was performed originally in 1963 and early 1964
and, for the purpose of this report, has been updated to cover
current research and development efforts. The conclusions
rcached in 1963 - 1964, however, with respect to the selection
of coatings for study have not changed as a result of continuing
development effort during the period 1964 - 1965. During the
course of this program every effort was made to keep abreast
of devilopments in the field, and the co-operation afforded by
numerous individuals and organizations in this regard is hereby
acknowledged.

The choice of the refractory alloy-coating combination for each
application were governed by many interrelated factors such as:

1. Anticipated exposure conditions of the joint (time,
temperature, pressure, and tensile and shear stress
levels).

2. Fabricability of the alloy for the joint under considera-
tion,

3. Compatibility requirements for alloys coated with
different materials.

4. Applicability of the coating ta difficult areas as re-
cesses, faying surfaces, and thread elements.

5, Cost which, in addition to raw materials, is determined
by the fabricability of the alloy and the complexity and
reliability of the coating process.

alloy composition.

The general considerations enumerated were further complicated
by d2sign problems imposed upon the fastener itself by the
limitations of the available coating systems. Some of these
problems are the choice of thread form (1. e., refractory,
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truncated, or "semi-reiractory’’), head design, asségpb_ly tools “ *
which will not damage the ‘coating, logical design of blind or

semi-blind mechanical fasteners which are adaptable to coating,
tolerances allowed on bave threaded elements so that they will -

mate after coating, etc,

Despite this multitude of problems, a great deal of progress has
been made in the utilization of coated refractory metal structural
fasteners as exemplified by the recent flight of the first ASSET
vehicle, and the assembily and testing of structures such as
McDonnell's fin-rudder assembly and simulated lcading edge
assemblics at Chance-~-Vought and at other organizations. A
great deal of work remains to be done, however, to develop
dimensional, mechanical, and compositional standards for coated
refractory alloy fasteners comparable to thosc which exist for
bare fasteners, to develop coatings with sufticient ductility
so thai post-coating treatments after joint assembly becomes
unnecessary and the use of deformable fasteners becomes
practicable, and to extend the range of utilization of coated
fasteners to temperatures above 3000°F at pressurcs below

5 Torr.

«Since this is not'intended to be a comprehensive survey on coat-
ings for refractory alloys, the reader is referred to several
excellent existing bibliographies and reports on the subject
(15 - 21) which cover the older literature.

The first consideration in the choice of a refractory alloy-coating
system for use as a structural fastener is the temperature-time-
pressure-load-vibration. requirement for the particular joint
under consideration. These requirements will vary with the
flight profile of the vehicle and with vhe position of the joint cn
the surface of the vehicle., Some typical anticipated equilibriun:
temperatures for re-entry of radiation-cooled orbital and super~
orbital vehicles of the glider and lifting body design are summar-
ized in Table L.
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TABLE L

EQUILIBRIUM TEMPERATURES FOR RADIATION
COCOLED RE-ENTRY VEHICLES

Orbital (°F)_ Superorbital (°F)
Location Glider Lifting Body Glider Lifting Body
Nose 3600-4000 6800-8300 7000-8500
Leading edge | 2700-3000 - 4500-5200 | -
Lower surface | 1700-2400 | 2300-2700 2700-3750 4000-4L00
Upper surface 1500.2000 2000-2500 1800-3000 3400-4000

The dynamic conditions which exist during re-entry of a glider have been
treated analytically by Perkins and by others (22) Perkins' calculation of

the temperature-pressure~time variatious of a frontal section for one
possible re-entry trajectory are shown in Figure 115, For this case, peak
heating from 2700° to 4500°F occurs at a pressure of 0, 0085 mm Hg for a
period of 25,33 min. The less severe conditions which exist at the stag-
nation line, and upper and lower surfaces of the leading edge during re-
entry are shown in Figure 116. Here, the temperature is relatively constant
for about 11 minutes of the re~entry period, and peak heating occurs at a
pressure of 0,1 to 1.0 mm Hg.

Based upon calculations of this type and, taking into consideration the
limitations of currently available coatings, materials for operational glide
re-entry vehicles such as ASSET were chosen as follows {23):

Nose Cap - Zirconia

Forward Leading Edges - Siliconized Graphite

Structural Members, Lower Forward Body Panels, etc., - W-3 Coated
TZM (Max. Svc. Temp. 3000°F)

Lower Aft Body Panels - LBR.2 Ceatcd D-14 {Max. Svc., Temp. 2500

Structural Fasteners, Tubing, etc. - TAPCO Coated Cb Alloys (Max,
Sve. Temp. 3000°F)

Low Temperature Body Panels - Uncoated L-605
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The designer, faced with a choice of the various ccatings available for the
refractery metals will consider, in order of decreasing importance, test
data available for the coating systems -~ processing requirements which
vary with the coating application method and therefore affect cost - and the
compoegition of the available ceatings. Considcration of the details of the
available coating chemistries is not productive of much useful information
since virtually all available .oatings for columbium and molybdenum alloys
contain silicon as a major constituent plus metal additives such as Cr, Ti,
B, Mo, V, Al and Cb. The principal effect of the metal additives is to vary
the composition and relative proportions of the intermetallic compounds
formed in the coating and thereby modify the viscosity, stability, and thermal
expansion of the glassy film which is formed during oxidation. Although the
composition of the coatings formed by the various application techniques may
be revealed by electron microprobe analysis, and calculations may be made
of the strains existing in the coating due to thermal expansion mismatch (24),
theory is not sufficiently advanced so that the oxidation resistance of a
spucified metal-modified silicide coating can be predicted without actually

" performing the experiment.

A common denominator for the variety of coating application techniques is
the necessity of preparing the surface of the substrate for coating.

While the surface preparation procedure adopted by various coating vendors
differ in detail, they generally consist of the following steps:

a. Edge radiussing of sharp corners by hand grinding and polishing
or by tumbling in an abrasive powder,

b, Removal of organic contaminants by solvent or detergent
cleaning, followed by an acetone or water rinse.

c. Acid pickling to a maximum metal removal per surface of
0.002 in. A typical pickling solution for columbium alloy
parts which is operated at 70° - 90°F contains the following

(27)
H,50, (66° Be) - 15 vol, %
HNO, (42° Be) - 10 vol. %
HF  {50% Tcch) - 20 vol. B
HZO - 55 vol. %

241

e comma s o st et

IR PP T VA G




g
)

Variations on this procedure which have been utilized by TAPCO (25),
Pfaudler (26), and McDonnell (23) are described in the literature.

Edge radiussing is a particularly time congsuming and costly operation on
large panels, and the necessity for radiussing is reflected in the use of
thread forms {or refractory metal siruciural fasieners with rounded cresis
and roots. The use of a truncated thread form, particularly for internal
threads, would be an important adva. _e in the state-of-thc-art and this
possibility war investigated in the present program.

Some important characteristics of the most widely used coating application
techniques for columbium and molybdenum alloys are summarized in
Table LI. In additicn to the methods listed in Table LI, a variety of pro-

. grams are in progress or have been completed on alternative methods of
 preparing coatings of the metal-modified silicide type. These programs

include fluidized bed processing at Boeing (28), chemical vapor deposition
at Texas Instruments, Inc. (29) fused salt plating at Pfaudler (30), slip-
pack deposition at Ling-Tempco-Vought (31) spray-diffusion processing at
TRW (32), and electrophoretic deposition at Vitro.

None of the processes listed in Table LI is a panacea for the problems in-
volved in costing refractory metal structures. The major advantages
enjoyed by each of the techniques listed are as follows:

1. Vacuum Slurry a) Applicable tc faying surfaces and re-
cessed areas,

b) Coating defects relatively easily repaired.

¢, Pack Processes a) Good reliability and high temperature
performance.

b} Low cest for high velume of amall parts,
3. Electrophoresis a) Good cont.ol of coating thickness

b) Flexible with respect to coating composition.

4. Fluidized bed a) Short cycle - good control.

b) Amenable to scale-up.
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2. Coatings For kolybdenumnm And (Colurabium Alloys

In the previous section some general requirements for coatings for I
refraciory alloys were creviewed, and somns characteristics ef ithe
various coating applicatien techaniquea which are employea fer the !
formation of such coatings were divcuvssed. In this section typical :
performance data is prcsented for the nxidation resistance of the [
various available roatings for molybdenum and columbium.

The most extcnsive evaluations ¢f ccatings for molybdenum and
celumbium base alleys Lhave been performed by Solar on foil gage
materials {37) and by the University of Dayton on 10-12 mil sheet
specimens (38) Solav's data for the z500°F, 1 atmosphere cyclic
oxidation life ¢f a variety of cuatings on TZM {foil is shown in Figure
117, and Universiiy of Payton data for the probable cyclic oxidation
lite at 2600°F of many of the same coatings on TZM sheet is listed
in Tavle LII. Amaoxg the coatings ¢ested by both groups, the Durak
B ccating gave the best results with Chromalley, G. T.E., and
Pfaudler yielding approximately equivalent life equal to about 50%
of the life of Durak B. It should be noted that with the exception of

) the G. 1. and E. tin-aluminum ceating, each of the other systems

are metal-modificd silicides or unmeodified silicides which are pre- ;

pared by a varicty of techniques. The oxidation resistance of the

- Vitro nickel-McS5i; coating was outstanding in the Solar test.

L TABLE LII

PROBABLE CYCLIC OXIDATION RESISTANCE AT 2600°F
OF COATED TZM FOR VARIOUS LEVELS OF RELIABILITY (38)

(?oatvng Life (hre) at Specified Level of
Reliability
; 70% 90% 5%
Chromizing Durak B 25 18 15
LTV Single-Cycle Si.i...iae 22 14 9
Boeing Disil 1¢ 10 7
Chremalloy W-3 9 4 3
GT and E Sn-Al 8 5 4
PFR-b6 5 <1 <1 ,.
E LTV Two-Cycle Silicide 1 <1 <1 5
(GTC Modified Silicide < 1 H < 1

b

}
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Data gathered from the older literature (39, 40, 41) for the oxidation
resistance of a varlety of coatings on columbium alloys is shcwn in
Table LIII and data obtained by Solar and by the University of Dayton
in the previously mentioned programs (37, 38) is shown in Figure 118
and in Table LIV, respectively,
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TABLE LIV

— ¥

PROBABLE CYCLIC OXIDATION LIFE OF COATED B-65
FOR VARIOUS LEVELS OF RELIABILITY

2600°F (1427°C) Coating Life
(hours) At Specified Level Of

Coating Reliability
70% 90% 959
TRW Cr/Ti-Si Batch 1 24 15 11
Batch 2 15 8 6
Chromizing Durak X4 Batch 1 3 1 <1
Batch 2 <1 <1 <1
[ Pfaudler PFR-30 Modified Silicide 13 8 7
LTV - Cr-B-Silicide 18 9 6
GT & E -~ Cr/Ti - Modified Silicide (R-51 3) 65 10 3
Boeing Disil 25 21 19

AR © TR e

Again, the data indicates the superiority of the metal modified silicide
coatings such as TRW, Disil, Durak KA, and GT & E's R-513. In a
more detailed comparison of the TRW Cr-Ti-Si coatings and Durak KA
conducted at Solar (37), the former coating was found to provide the
best protection for B-66 alloy, however, the coating life was scriously
degraded by prestraining, and some problems were noted with respect
to reliability.

It was indicated in the survey that an external coated refractory metal
structural part, during reentry, may be exposed to low partial pressures
of oxygen (0.002-0. 2 mm Hg) for periods of tirne up to about an hcur
at temperatures up to 3200°F, It was first pointed out by Perkins (22)
that under these conditions a silicide base coating might degrade
rapidly through the loss of volatile SiO instead of protecting the sub-
sirate through the formaiion of solid 5iGy. Supporting data from
Lockheed on the performance of four silicide~type coatings on
rmolybdenum as a function of pressure are summarized in Table LV
whe.c it is indicated tha! all but the Chance Vought coating suffer a
decrease in maximum temperaturc - 30 minute oxidation life of about
450°F as the oxygen pressure is reduced from 169 torr to 0.2 torr.
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TABLE LV
MAXIMUM TEMPERATURE (°F) FOR 30 MINUTE LIFE
: AT INDICATED OXYGEN PRESSURE
Partial Fressure O, (mm Hg)
Coating Coating .
Thickness (mils) 160 21 10 5 1 0.2
Durak B 2.8 3170 | 3100 - - 2975 | 2815
Disil II 1.5 3280 | 3240 - 3225( 2975 | 2815
PFR-6 2.6 3250 - 3,00 | 3185[ 2850 | 2800
Chance -Vought 3.0 3000 - - - - 2950

The Chance-Vought reduction was about 50°F, however, its maximum
temperature capability for 30 minute life was some 200°.250°F iower
than the other coatings. More recently (42), Lockheed has shown that
the oxidation life of the Chromizing and TRW coatings on B-66 and
Cb-752 alloys is also drastica.ily reduced in a low pressure environ-
ment., It is apparent, therefore, that the low pressure behavior of the
currently available coatings is a serious problem which must be in-
vestigated in any comprehensive program involving the application of
coatings to aerospace structural parts.

One of the problems in the use of coatings, which has not been widely
studied but which is nevertheless serious, is the compatibility of the
various coating systems with one another. In structures such as
ASSET special problems such as accessibility, high temperatare-low
pressure performance, and coating uniformity, require that two o
more coating systems be used in various parts of the structure. When
these coatings vary widely in their chemical makeup, each coating may
be degraded by the o.her if they are exposed to oxidation while in
contact. For e:xxample, McDonneli reported that the LB.2 and the
Tapco-coatings for columbium are incompatible with the PIR-~6
coating for molyobdenum, based upon the results of expeosure of a

joint containing the three systems in contact which was exposed to
short tiine oxidaiion at 2606° - 2500°F. It is possible that cooler
parts of a refractory structure where uncoated superalloy comporents
are in contact with coated molybdenum or columbium parts might also
evidence the saine behavior,
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1his situation is one of several serious problems which puint up the
nccessity for standardization in the testing and in the application of
coatings for reiractory structures.

3. Coatings For Tantalum Alloys

Investigation of coatings for tantalum-base alloys began about five years
ago with the study of pack silicide or metal-modified silicide coatings at
Battelle (43) and spray-diffused tin-aluminum coatings at General Tele«
phone and Electronics Labs {44).

Typical lives of the first-generation aluminide and silicide coatings at
various tempceratures are summarized in Table I,V1, The aluminide
coatings, ronsisting of Sn-50Al1 (designated 34S) or Sn~25A1 (408),
were prcpared by hot dipping at 1760%-1900°F or by spraying the tin-
aluminum in a lacquer vehicle snd then diffusing at 1900°F, The pack
cementation silicide coatings werc generated in mild steel retorts con-
taining 10-40 wt. % silicon plus rni.odifier elements, 0.5 - 3% halide
zarrier, and the balance -100 + 140 mesh alumina filler. Vapor-
pha-e couating from the pack was accomplished at 2000°F-2200%y 107
4-lc¢ hours in argon.

The most serious deficiency of the first-generation Sn-Al coatings was
the rormation of excessive liquid phase uron heat-up to temperatures
above 1200°F which led to "run-off" of the ceating and severe diffusion
interaction between the coaling and the substrate. To reducc the
fluidity of the coating, tantalum and molybdenum poxd.rs were added
to the basic Sn-Al compositions in an attempt to form the solid
alumiuides MoAljz and TaAlz which would support the coating (45).
Typical oxidation lives of the modified aluminide coatings are shown
in Table LVII. A scale-up pregram for the tin-aluminum coating was
then initiated under Air Fovrce sponsorship (46}, since this system was
one cf the few available compositions which was ductile, as applied.
Representative furnace oxidation test data for the intermetallic com-
pound-modified tin-aluminum coating is summarized in Tabie LVIII.
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TARBLE LVI1

OXIDATION LIVES OF Sn-Al COATINGS
ON Ta-10W AND Ta-30Cb-7.5V ALLOYS(3)(47)

Oxidation Coatini; Life

Substrate Coating Temperature, hr. (b
Ta-10W (Sn-25A1)-10TaAl 11¢99F, 593°9¢ | 21 - 162
Ta~10W (Sn-50A1)-1CTaAlj 1100 44 . 63
Ta-30Cb-7.5V | (Sn-50A1-5i)-10TaAly 1100 > 100
Ta-10W (Su-25A1)-10laAl} 1400°F, 760°C 23 - 157
Ta-30Cb-7.5V | (Sn-50A1-5i)-10TaAl; 1400 > 100
Ta-10W (Sn-25A1)-10TaAl; 2000°F, 1993°C| > 100
Ta-10W (Sn-50A1)-10TaAls 2000 71 - 96
Ta-30Cb-7.5V | (Sn-50A1-5i)-10TaAl, 2000 > 100
Ta-10W (Sn-25A1)-10Tall4 2500°F, 13711°C| 16 - 77
Ta-30Cb-7.5V | (Sn-50A1-5i)-10TaAl, 2500 43 - 87
Ta-30Cb-7.5V | (S5n-50A1-Si)-10MoAlj 2500 > 100
Ta-10W (Su-25A1)-10TaAl, 2800°F, 1538°C| 3 - 15
Ta-10W (Sn~25A1)-10MoAl3 2800 21 - 31
Ta-10W (Sn-50A1)-10TaAl; 2800 6 -7
Ta-30Cb-7.5V | (Sn-50A1-5i)-10TaAl, 2500 7 - 31
Ta-30Cb-7.5V | (Sn-50A1-5i)-10MoAl, 2800 24 - 40
Ta-10W {Sn-25A1)-10TaAl; 3000°F, 1649°C 3-10

] ' (2) Tests conducted in still air in a furnace. Specimens generally cycled to
room temperature ten times each 24 hours at and below 2500°F; and
once each hour adeve 2500°F,

(b) Range of coating lives obtained with coatings of varying thickness in
multiple tests,
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TABLE LVIII

OXINATION RESISTANCL OF

TYPICAL &i~-Al TYTPE CCATINGS (49}
‘ Coating Teet Length | Coating
¢ Weight Temp. | of Cycle Life
Subsirate Ceoating (xig /cmz) OF (°C)| (urs) {hrs)
Ta-10W 90(Sn~25A1)-10MoAl, 50 | 2800 1 720
; (1538)
Ta-10W 90(Sn-2541)-10MoAl, 80 2800 12 U
Ta-10W 9U({Sn-25A1)-10TaAly 35 3000 - 3-4
(1649)
Ta-10W 90(Sn-25A1)-10TaAl, 70 3000 - T-8
Ta-30Cb-7,5V| 90[6a-50(A1-5i) -10Takl, 45 2800 - 8-30
{1538)
In a more severe test of the 5u-27A1-5.5 Mo coating on Ta-10W by NASA.

Langley, specimens were exposed at 2600°F and 2900°F to a mass flow
of air of 0.4 1b/{t“/sec for rupetitive 6 minute cycles (50). In this test
the samples were found to ignite after approximately 30 minutes at
2600°F and 15 minutes at 2900°F, indicating the weakness of a liquid
phéase coating i a high shear environment,

A second serious deficiency of the tin-aluminum base coating in low
pressure environuients was reported recently by Sylcor {51} in a
follow.en oi an carlier development program {52). In this study, hot-
dipped S5n/25-50A1 coztings, Si and Cr-Ti modi/fications of Sn-Al, and
Al.5 La, Al-5Cr.ETi, and Al-10Cr coatings on T-111 alloy were
exposed for 30 minutes at either 2500°F and 0.2 torr or 2800°F and

1 torr with the followiig results: ’
ir

a) All coatings failed in the 30 minute~2800°F - | torr exposure test. E/

H

b} After each expos: re, no TaAlj remained in any of the coatings
containing Sn.

c) All coatings except Al-.5Cr-5T1 suffered gross ralcrostructural
damage after the 2500°F expuysure. The Al-5Cr+«5Ti coating
causcd substrate damage afier 280U°F exposure,

T L LT P VVPRE S
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Bascd upon the reosults revieved above, it is c¢vident that all aluminide -
basc coatings cxamined to dawe exhibit poor behuvior in low pressurce or
high shear environments, even at temperatures as low as 2800°F.

In the Battclle program, vanadium, boron, aluminum, and mangarese
were evaluated as modifiers for pack :rdlicide coatings on Ta-30 Cl -7.5V,
Ta-10W, and Ta-8W-2I4 al.oys (53). The pack compositions consisted
generally o 10-40 wt, percent halide carrier, with the balance -100+ 10V
mesh alumina. The samples were packed in small, mild steel cans
which were heated ta 2000°F -2200°F for 4 to 12 huurs in argon. The
vanadium-modified silicides provided good oxidation preotection on
Ta-10W (6 - 10 hours in cyclic oxidation and 100 hours in static
oxidation at Z700°F) but severely embrittled the substrate (due to the
prescnce of a calcium contaminant). Boron additions also resulted in
substrate embrittlement. Manganese improved the self-healing proper-
ties of the coating, but decreascd coating lifc at 1800°F, while alumi-
num modifications showed ne significant impreovement over unmodified
silicide.

The best compromise between retention of mechanical properties and
good oxidation life was obtained with an unmodified silicide coating on
Ta-30 Cb-7.5V, Typical oxidation lives and mechanical properiics of
this system are summarized in Table LIX,

TABLE LIX

CYCLIC OXIDATION LIFF.* OF UNMODIF1)ND 4-6 MIL
SILICIDE COATINGS ON Ta-30 Cb-7.5V PANELS(53)

Exposure

Temperature Oxidation l.ife{hrs.)
1200°F, 643°%C . ... ... ... > 100
1500°F, 816°C . ... ..... . >100
1800°F, 982°C .. .. .. . ... >100
2000°F, 1093°C ... ... . ... 25275
2200°F, 1204°C . .. ... .. .. >100
2500°F, 1371°C . . .. .. c e .. > 24
2700°F, 1482°%C .. .. .. e .. 2 =12
2900°F, 1593°C . . .. ... ... 6 -17
3000°F, 1649°C . . .. ...... 2

*Cycles were 25 hours at temperatures to 2200°F, 4 hours at
2500°F, 1 hour at 2700° and 2900°F, and 1/2 hour at 3000°F.
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Battelle's dota indicated that the tensile strength and the bend ductility
of the Ta-30Ch-7.5V substrate were not impaired by the coating, and
that the yicld strength decrcased only slightly in the coated condition,
The coating also r(.mamcd protective during 1.5 percent tensile
acformation at 2200°F.

The coatings listed in Table LIX were prepared in a pack of 81A1g03-17
Si-2NaF under argon in two steps of 4 hours and 12 hours at 2200°F, The
coating was single phase, and its compoegition by electron probe analyslis
corresponded to the pscudo-compound MSi; g where M represeuts the
Ta-30Cb-7.5V composition. Pest failure at 1800°F was considerably
imuproved for the silicide coated Ta-30Cb~7.E5V as compared to silicide-
coated Ta-10W or T-111, but the coated Ta-30Cb-7, 6V was susceptible
to relatively early failure at 2000°%. General Telephone has shown

that nest failures at 1806°F on Ta-10W may also be eliminated by
precoating the substrate with titanium before siliconization. This
coating, designated R-506, yields about 200 hours lifc at 1800°F(45).

Investigation of pack silicide coatings, modified by additions of
vanadium, chromium, titanium, tungsten, molvbdenum, manganese,
boron, and aluminum, was continued by Sclar (54). In initiai studies
ugsing conventional packs, chromium-vanadium and chromium-titanium
modified silicides werc the most successful for Ta-10W, providing up
te five hours life at 2700°F. Boron, vanadium, and molybdenum
suvawuiers were found to proauce silica glasses ot high tfluidity, whole
tungsten and titanium modifiers resulted in glasses of high viscosity.
All meodifiers but chromium reduced the softening point of silicon to
below 2700°F, Chromium alone severely embrittled the Ta~10W
substrate and degraded the oxidation resistance of the silicide coatings
while chromium plus titanium or vanadium produced a crystalline,
refractory, silicide coating which was not fluid at 2700°F. The
performance of these coatings was considerably improved by changing
to a 2-cycle process in Wthh the substrate surface was first heavily
modified {20-50 mg/cm } with Ti-%, Ti-V, Ti-Cr, or Ti and then
silicided. The coatings were produced from active metal packs with
all inert material removed from the retort and the alumina liner of
the retort replaced by graphite. These modified silicide coatings
increased the 2700°F cyclic oxidation life of Ta~-10W from 6 to 26
hours and the 2700°F life of Ta-30Cb-7.5V from 22 to 42 hours.

Surface modification of a tantalum alloy prior to siliconization yields
two cifects. First, the characieristics of the glass formed in oxidation
are changed and, more imporiantly, interdiffusion between the silicon
and the alloy is reduced. For example, direct siliconization of
unalloyed tantalum ylelds a non-protective silicide layer whichcon-
tinuously grows and oxidizes due te diffusion at a rate of about
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0.04 mil/hr. at 2500°F (Refercnce 21, p. L86). Diffusion, however,
is cousiderably rcduced when the bulk tantalum is alloyed with tungsten
or vauadium, or when the tantalum surface is alloyed with the same

elements.

The same cffect is noted when beryllide ¢ yatings are compared on
Ta-10W and on unalloved tantalum (55). If bervllium is diffused into
Ta and Ta-10W at 2500°F in vacuum, the depth of penctratiou after 10
hours is 5 mils in Ta~-10W, and 9 mils into pure tantalum. The oxida-
tion resistance of the beryllide-coated Ta is also inferior to that of

Ta-10W.

An important incentive for the study of metal-modificd surface coaiings
for tautalum has undoubtedly been the excellent high temperature per-
formance evidenced by the pack silicide coating for tungsten reported
by Thompson-Ramo-Wooldridge (56, 57). Thce §i-W coating on tungsten
in thicknesses of 4-5 mils has yielded the following results:

a) 26 +1% probability at 99% confidence level of surviving 5
hours cycl&c oxidation in onc atmosphere of air at 3500°F
with ultimate capability to 3600° ~ 3650°F.

b) Average protective life at one atmosphere of 20 hours at
2300°F. 25 hours at 3000°F, 50 hours at 2500°F, and 40
hours at 1800°F,

c) Slow deterioration at pressures less than 15 torr, but
coatings generally survive 1 hour exposure at pressures
between 0.025 and 15 torr at 3400°F,

d} Resistant to erosion for one hour when exposed to a flow
of 2000-2500 f.p.s. of hot gas at 2900° - 3400°F and a
partial pressure of 16-20 torr of air.

e) No creep or failure when subjected simultaneously to a
tensile stress of 20% of the yield strength of tungsten and
exposed in air for one hour at 3350°F,

It would appear, therefore, that if a tungsten surface could be formed
upon a tantalum alloy, then subsequent W.Si treatment would yield a
coaling wiih properties eguivalent to thosc obtained on tungsten,
Unfortunately, however, the rate of transfer of tungsten from various
packs to tantalum have becn too low to produce the desired surface
modification (54), attempts to deposit tungsten on tantalum by vapor
deposition or fused salt platiag have not been successful, ard no
solution to the low temperature {1600°-2500°F) oxidation problem has

been forthcoming.
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The best example of the failiire of pacrk methods te produce a heavily
modified tungsten aurface on tantalum alloys is contained in a recent
report from TRW(58) in which an attempt was 1nade to extend the
excellent results obtained in their tungsten program (57) to tantaluin,
In this program 0.1-0.3 mil barrier lavers of molybdenum or tungsten
were formed on Ta~10W by pack methods (6 hours at ZSOOOF), and the
barrier coatings were then silicided. The results of cyclic oxidation
testa on coating systems of thio type arc summarized in Table LX,
where it is scen that the protection achieved for Ta-10W is far less
than that obtained for silicided tungsten.

The present statue of pac’s ellic.d: and spray or dip-diffused alumi-
nide coatings for tantalurn ailaye war wellesuminarized in a recent
direct comparison of the Sr~Al .pdo and (Ti + W)-Si systems on 6 and
12 mil T-111 foil, (59) Scm=z typical test results for the coatings are
summarizcd below,

Su-Al-Mo (Ti-W)-Si
Bend ductility en € mil foil ok Failed 60° bend
Bend ductitity on 12 mil foil ok ok
Stress-oxidatier=*'2 r 7 foil ok - 22 cycles 3 cycles to failure,

creep rate double
that of Sn-Al-Mo

1800°F cyclic oxidation life 100 4
{hrs. at 95% reliability)-12 mil foil

2600°F cyclic oxidation life 25 <1
(hrs. at 95% reliability)-12 mil foil

2800°F cyclic oxidatiou life 1 3.7
(Lrs. at 95% reliability)-12 il foil

W s s e e e . ¢

*800°-2700°-800° cycle in one hour at cne atrmosphecre pressure aud
stress of 4-6 ksi.

The results indicate that neither of these coatings, in its present state
of development, would be suitable for the protection of tantalum alloy H
structural fasteners at temperatures up to 3200°F,
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The most extensive work on coatings for tantalur: for use at temperaa
tures abuve 30007 ) haa been dirccted at t

retractory oxide fihime on tautalum through the oxidation of rescrveir
alloys {Marquardt and LITRI), gradated mixed oxide-silicide con.posites
(Vitro), and long range theoretical and experimental studies of oxides
{3s bulk maicrials) aimed at modificatiou of their physical propurtics

tu provide a good thermal ¢xpansion match to tantalum and low
diffusivity for oxygen (Solarj.

the fo

Work at HTRI and at Marguaode bas {deatificd alloys such as Hf/201a
(60) and Hf-19Ta<2, 5Mc(61) which oxidize rapidly at clevated tempera-
tures to produce an adherent seale of the probable composition 611£0,
Ta,0q, and a subscalc contaluing A mixture of metal and oxice., The
difficulty with these alloys is their very high rate of growth of scale
plus subscale (typically 0.3 mit/iin at 3200°F and 3 mil/min wl 4-.‘)@.30“1‘")
which mitigat--s against their vse as thin ceatings. The 11f-Ta aliuy s,
however, show gredt promiasce a5 claddings for rocket neozzle applica-
tions, and work along these lines is now underway.

e R o

b
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The princip-l tchicvoment of the long-range Solar program to dato

has been the “dortification of the mixed oxide composition 94H{O, -
3Zr0,-3Y .0 wiith provides a ciosc thermal expansion matceh to
tantalum and 0 Ta-10W(62). Suitable methods for applying this
material as a coating, however, have not yet been developed and it

is likely that a barrier layer, less reactive than 1a, wiil be reghired
to prevent interactiou between the tantalum gubstrate and the ceramic
coating. In addition, basic studics performed by GTE indicate tuc
probability that this system will suffer from rapid oxygen ditfusion(63).

AR RS

R

In summary, consideration of the systems studied to date for the

protection of tantalum alloys at temperatures to 3200°F indicates

that only tungstcn modificd silicides offer any promise for arglica-

ticn to structural fastencrs, Meatheds ave reguired, however, which

yield heavy tungsten modifications of the tantalum surfrce. Hafniume

tantalum alloys are excluded as coatings becausc of the thickncse of

the alloy required to achieve protection, and coatings of th¢ modificd

aluminide type cannct provide the required dimensionzl uniformity

and, in addition, will degrade rapidly in a high gshear or a low pressure

environment at temperatures above 2800°F. s
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APPENDIX I

RIVET PROGRAM

A suppleinental effort to this program consisted of the manufacture,
cuating and tesiing of Cb 752 rivets in several sizes from 1/16 inch
diameter tc 5/32 inch diameter, All rivets were tested in joints of
Cb 752 sheet.

A. MANUFAC FURING

The rivets wore manufactured from bar stock by hot Iorging the head
and grinding the bodies and underhead areas, employing techniques
similar to those employed for the manufacture of threaded fastencrs,
The rivets were pickled to remove the oxide formes during hot forging
and te pres:znt a clean uniform surface for coating.

The sheet metal parts were made firom , 030 inch thick Cb 752 by milling
the desired outline and drilling the appropriate holes, Al specimens
were made with sufficient length to provide protrusion from the ends of
the test furnace so as tc simplify the fixturing, By using this technique,
sheet metal clamp fixtures were used to support the parts, thereby
greatly reducing the {ixture expense.

An e/D ratio (ezedge distance, D = rivet diameter) of 2 was used for all
parts in accordance with ¥Federal T s Method Standard 151,

The joint pieces were prepared to test the rivets in single lap shear,

Several tensile specimens were made from the Cb 752 sheet to determine the
tensile properties of the sheet material,

B, COATING

All parts, including both rivets and sheet metal specimens, were coated by
TRW with their Cr-Ti~Si coating to a thickness of , 0025-, 003 inches,

C. ASSEMBLY OF JOINTS

imblies were prepared by cold upretiin

Al D g the "formed'" heade of

s 2
N - a 3 (=]
the rivets at a slow rate cf deforination in a tensile machine, As anticipated,
some ''flaking' of the coating occurred during deformation, however, no

cracking was seen in the parent metal of the rivets,
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All coated assemblics were patched veing the MoSiz - Colioidal Silica
patch coating. FPhotographs of agsembled joints are shown in Figure 119
prior to patching and after patching.

Four sizes of rivets, 1/16 inch, 3/32 inch, 1/8 inch and 5/32 inch were
tested in the coated condition at room temperature, 2000°F and 24900°F.,

All sizes were tesied in the bare condition at room tecmperature, The sheat
material property specimens were tested in the bare condition at rooin
tempsrature and in the coated condition at 200G0°F and 2400°F,

All tests were conducted as described in Section IX.
The results of these tests are shown in Tables LXI and LXII and Figure 120,

E, DISCUSSICN OF RESULTS

The tests conducted on riveted joints show significant diilerences inshear
strength betwecen the various reizes,

“The high values for the 1/16 inch diameter rivets are evidently due to the

fact that the coating overlay the diffusion zones represent a greatev per-
centage at the cross sectional area for the smaller diamecter parts, The
strengthening effect of the coating therefore varies inversely with the
diameter of the rivet, This strengthening effect is evident only in shear
since it 1s accompanied by a loss of ductility which has an adverse effect
on tensile properties due to the increased notch sensitivity,

All elevated temperature rivet failure~ were by shear at the sheet inter-
face as would be expect.d,

At room temperature, the rivets failed by the popping of the manufactured
head.

-y
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Manufactured Head Upset Head

Beforc Patching

Manufactured Head Upset Head

Figure 119,

Ailter Paiching

Cb 752 Rivet Joints, Before and After Application of
MoSiz - Colloidal Silica Patch Coat,
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TABLE LXII

ET SPECI

ALAT
A2AN

AVh

. 030 THICK X, 250 WIDE ~ CR-TI-SI COATED

Test Tenperature
and .
Conditicn Lbs, Psi Newions | Newtons/cm*
Room 630 2800
Temperature 630 84 000 2800 57 800
(bare) 635 2830
Room 559 2190
Temperature 570 75 000 2540 51 600
{coated) 560 2490
200G6°F 271 1205
{coated) 260 35 400 1155 24 400
264 1175
2400°F 152 675
{coated) 200 24 700 889 17 009
203 902
266
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